Removal of Arsenic Species through Coagulation-Flocculation Processes by Bhalkaran, Savi 1988-
Removal of Arsenic Species through Coagulation-Flocculation 
Processes 
 
 
A Thesis Submitted to the College of 
Graduate Studies and Research 
In Partial Fulfillment of the Requirements 
For the Master’s Degree in the Department of Chemistry 
University of Saskatchewan 
Saskatoon 
By 
Savi Bhalkaran 
 
 
 
 
 
 
 © Copyright Savi Bhalkaran, April 2017. All rights reserved.
i 
 
Permission to Use 
In presenting this thesis in partial fulfillment of the requirements for a Postgraduate degree from 
the University of Saskatchewan, I agree that the Libraries of this University may make it freely 
available for inspection. I further agree that permission for copying of this thesis in any manner, 
in whole or in part, for scholarly purpose may be granted by the professor or professors who 
supervised my thesis work or in their absence, by the Head of the Department or the Dean of the 
College in which my thesis work was done. It is understood that any copying or publication or use 
of this thesis or part thereof for financial gain shall not be allowed without my written permission. 
It is also understood that due recognition shall be given to me and to the University of 
Saskatchewan in any scholarly use which may be made of any material in my thesis.  
Requirements for permission to copy or to make use of material in this thesis in whole or part 
should be addressed to:  
 
Head of Department of Chemistry  
University of Saskatchewan  
Saskatoon, SK (S7N5C9)  
Canada 
 
 
 
 
 
ii 
 
Abstract 
Through the traditional water treatment process of coagulation-flocculation, this thesis 
aims to investigate the effectiveness of the removal of organic and inorganic forms of arsenic using 
a two-component coagulant-biopolymer flocculant system. Among the metal salts chosen in this 
study, the optimal dosage required was 30 ppm for alum, and 15 ppm for Fe(II) chloride and Fe(III) 
chloride metal salts. The dosage of the biopolymers was 2.5 ppm for medium molecular weight 
chitosan (MMWC) and 10 ppm for high viscosity sodium alginate (HVA). In addition to the 
optimal dosage parameters, pH effects were evaluated at several values (pH 3, 5, 7 and 9) due to 
the importance of charge neutralization in coagulation-flocculation processes. The results showed 
no significant decrease in turbidity removal at variable pH using a Jar test apparatus. The stirring 
time and speed was optimized at several conditions: 3 minutes (295 rpm) and 20 minutes (25 rpm) 
and finally, the addition of the polymers was added in a sequential manner rather than as a single 
step using a premixed polymer system. This last step was chosen because premixed polymers were 
less effective. 
The next stage of research involved the use of an optimized system to study the removal 
of roxarsone (4-hydroxy-3-nitrobenzene arsonic acid). The use of a coagulant-biopolymer system 
(Fe(III)-MMWC/HVA) was shown to be effective for the removal of roxarsone at initial 
concentrations of 30, 40, 50 ppm. Jar test studies reveal that the concentration of free roxarsone 
decreased when Fe(III) alone was used as a coagulant, in the presence and absence of kaolinite. 
Addition of biopolymers generally lead to a decrease in roxarsone uptake. Arsenate (V) was 
studied using a Jar test setup at an initial concentration of 30 ppm. The removal (%) of arsenate 
(V) was shown to be slightly higher than roxarsone at 42%, as compared to 23% using the metal 
salt-biopolymer system without kaolinite. Addition of kaolinite to the arsenate (V) caused a 10% 
increase in removal (%) when using Fe(III) and Fe(III)-HVA system, where no discernible change 
was found for the Fe(III)-MMWC/HVA system.  
The one-pot method was used to study the kinetics during floc formation and settling. The 
removal efficacy (%) was plotted against time and revealed that Fe(III) species were primarily 
responsible for roxarsone removal, while alginate hinders the roxarsone uptake.  Kinetic studies 
were carried out using the one-pot method and evaluated by two kinetic models, the pseudo-first 
order (PFO) and pseudo-second order (PSO) models by plotting “arsenic uptake” (Qt) in mg/g 
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against time (t). The PFO model was more favorable, indicating reversible binding interactions 
throughout the coagulation-flocculation process of roxarsone and arsenate (V) with Fe(III), 
MMWC and HVA. Thermodynamic studies were carried out at variable temperatures (20 ºC, 30 
ºC and 40 ºC) using only Fe(III) and the Fe(III)–MMWC/HVA systems, in the presence and 
absence of a model colloid (kaolinite). All “apparent” Ea values were negative for the removal of 
As(V), except for the removal of arsenate(V) in the presence of kaolinite with Fe(III)-
MMWC/HVA. Thermodynamic activation parameters (ΔH‡, ΔS‡ and ΔG‡) were estimated by 
Eyring theory, where most ΔH‡ values were negative for the coagulation-flocculation process. A 
dominant and negative value of ΔS‡ was obtained due to floc formation with arsenic and Fe(III), 
chitosan and alginate, with a resulting positive ΔG‡ for the process.  
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1. Chapter 1 INTRODUCTION 
1.1 Arsenic  
1.1.1 Physical Characterization of Arsenic  
Arsenic is the thirty-third element in the periodic table, with an atomic weight of 74.9 g/mol 
and comes in three allotrope forms: α-metallic form (steel-gray brittle crystalline metal), β-arsenic 
(black amorphous vitreous solid) and yellow arsenic. Arsenic is present as the 20th most abundant 
element in the earth’s crust, 14th in sea water and 12th in the human body. It sublimes at 613°C 
when heated at normal atmospheric pressure and has a melting point of 817°C at 28 atm. Its vapor 
pressure is 1 mmHg at 372 ºC and it has a specific gravity of 5.73.1 Arsenic was isolated by 
Albertus Magnus in 1250 A.D.2 Arsenic is insoluble in water, caustic soda, hydrogen and 
hydrochloric acid, unless there is an oxidant present, in which case it will react with concentrated 
hydrochloric acid.1  
1.1.2 Arsenic Compounds and their Occurrence 
 Arsenic is the 20th most abundant element in the earth’s crust and is widely distributed 
globally. It can be found in the earth’s crust, in land (soils), bodies of water (fresh and sea water), 
sediments and the atmosphere. It is usually associated with minerals that contain sulphur and 
metals. Some of the highest amounts of arsenic occur in marine shale, magmatic sulphides and 
minerals such as orpiment (As2S3), realgar (AsS), niccolite (NiAsS), cobalite (CoAsS) and 
arsenopyrite (FeAsS).3 Anthropogenic sources of arsenic include processes such as the smelting 
of Cu, Pb, Ni and Zn ores, the burning of fossil fuels in households and power plants, in production 
processes of items such as coloring agents, and it is especially prevalent in chemicals such as 
herbicides, pesticides and fungicides used in agriculture.4 Arsenic was used widely in 
pharmaceuticals before the advent of antibiotics. Ailments including psoriasis, rheumatism, 
arthritis, asthma, malaria, trypanosomiasis, tuberculosis, to name a few were treated with mixtures 
that contained arsenic compounds.4,5  
Arsenic is a metalloid, found in group 15 of the periodic table and it is rarely found in its 
elemental state. Arsenic occurs in several different oxidation states; +5 (arsenate), +3 (arsenite), 0 
(arsenic) and -3 (arsine).6 The arsine species of arsenic is a gaseous form of arsenic. As such, it 
can be found in many forms, where it may be combined with carbon in organic compounds and 
with other elements, such as oxygen and iron,7 to give inorganic compounds. 
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Arsenic can combine with carbon to form various organic compounds. Organoarsenical 
compounds can possess variable oxidation state (+3 or +5), with the general formulae R3As and 
R5As, respectively. Organoarsenical compounds have been known for many centuries. The first 
organic arsenic compound discovered was tetramethyldiarsine or ‘cacodyl’ as it was commonly 
identified. Eventually studies lead to the discovery of Salvarsan by Paul Ehrlich as a treatment for 
syphilis. It is a mixture of 3- and 5-membered As-As rings with aromatic groups attached.8  
Many organoarsenicals are used in agriculture, as herbicides, pesticides and feed additives. 
Examples include roxarsone (4-hydroxy-3-nitrophenylarsonic acid), which was formerly used as 
a feed additive in poultry and swine farming9 and monosodium methanearsonate (MSMA), a 
pesticide used on cotton plants. Roxarsone was banned from use due to the possibility of its 
breakdown into toxic inorganic arsenic species by bacteria present in soils.10 There are also 
microorganisms such as certain bacteria and fungi that can do the reverse; that is, they can convert 
inorganic arsenic species into organic species, such as monomethylarsonic acid (MMA) and 
dimethylarsonic acid (DMA).11  
Organic arsenic compounds occur in water bodies naturally as well as through 
anthropogenic sources. The concentrations are increased due to biological methylation by 
microbes such as bacteria, yeasts and algae.12 Methylation of arsenic species occurs widely, 
occurring in soil, aquatic environments, plants, and animals, including humans.13 For instance, C. 
humiculus, which can found on preserved wood, and Rhodotorula rubra, a marine yeast, can both 
methylate arsenic species.12 In surface waters, dimethylarsinic acid (DMAA) and 
monomethylarsinic (MMAA) are dominant forms and are found in higher amounts during summer 
due to increased microbiological activity.7,14 
 
Inorganic species of arsenic compounds tend to be oxyanions, with variable valence on the 
arsenic species of +3 and +5. The oxyanion containing arsenic in the +3 state is the arsenite anion 
(AsO3
3-) and occurs primarily in anaerobic conditions, such as in some well or ground waters.15 
The arsenate species (AsO4
3-) contain arsenic in the +5 state and this occurs under oxygenated 
conditions, such as in some surface waters and soils.16 Arsenic in water dissociates into several 
ionic species based on the pH of the surroundings. The equations below show the dissociation for 
the arsenite and arsenate species and the associated pKa values.
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Based on the pH and pE of the environment, the speciation of arsenic oxyanion species 
shows a wide variation (as shown in Figure 1.1). This diagram shows the conditions under which 
the arsenic speciation exists in equations 1-1 and 1-2. Studies conducted on arsenic removal have 
evaluated the removal of arsenate and arsenite species in aqueous environments, particularly 
because of the ease of mobility of these arsenic species over a wide range of redox conditions, 
especially at those pH values prevalent in groundwater (6.5 – 8.5).7   
 
Figure 1.1: Eh-pH diagram for aqueous As species in the system As–O2–H2O at 25 ⁰C and 1 bar 
total pressure18 [Reproduced with permission from Ref. 18] 
Inorganic forms of arsenic (oxyanion species) exist in many bodies of water. For instance, 
rain water contains low levels (< 0.14 µgL-1) naturally. When a location is nearer to a copper 
smelting plant, such as the Tacoma smelter near Seattle, the amount of arsenic increases                  
(16 µgL-1).7,19 Arsenic can enter the atmosphere through wind erosion, volcanic emissions, low 
temperature volatilization from soils, marine aerosols and through pollution, as shown in the 
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previous example. The chemical forms of arsenic will depend on where it originated from; as an 
example, smelting may produce arsenic (III) oxide (As2O3), while arsenic (III) hydride (AsH3) 
may be present near landfills. However, exposure to oxygen in the atmospheric, will oxidize some 
of the As(III) species to their corresponding As(V) forms.4,7  
Arsenic contamination of rivers is also low naturally (~0.1 – 0.8 µgL-1) and can vary 
depending on location due to industrial effluents and bedrock composition.7 Those rivers that 
contain As-poor bedrocks will also possess less arsenic in the water. High arsenic concentration 
(190 – 21,800 µgL-1) have been found in the Loa River Basin of northern Chile, which occurs 
naturally due to water flowing from arsenic-containing rocks to the surface water of the river.20 
The accompanying pH and alkalinity were found to be high as well. For those rivers that are near 
industrial sources of pollution, arsenic levels can be high as 1,100 µgL-1 but will vary quite a lot 
depending on the source of pollution and other factors, such as surrounding environment.16 The 
majority of arsenic species are As(V) vary seasonally; however, biological activity or close 
proximity to industrial effluents may maintain As(III) levels.4,7 
The arsenic concentration of lakes tends to be similar or lower than those found in rivers. 
Azcue and Nriagu found arsenic levels of ~22 and ~62 µgL-1 in Lake Moira, Ontario during 
summer and winter, respectively.21 The presence of geothermal waters, as well as anthropogenic 
activities, tends to affect the arsenic levels. These contribute to arsenic pollution that resemble 
values found in rivers, where the arsenic levels increase with increased level of geothermal water, 
due to  heating effects caused by geothermal energy, and mining activity.18 Some remediation of 
lakes contaminated by mining can occur by adsorption of the arsenic to iron oxides under neutral 
to mildly acidic conditions.18 Alkaline environments (pH 9.5 – 10) encourage higher 
concentrations of arsenic, especially in conjunction with increased geothermal activity. For 
example, Mono Lake in California was found to have 10,000 – 20,000 µL-1 dissolved arsenic due 
to increased evaporation and weathering of volcanic rocks.18 However, Mono Lake has a higher 
amount of arsenic compared to other lakes, which is probably due to geothermal activity, as 
evidenced by geothermal waters having an average arsenic content between 10 to 50,000 µL-1.18 
Lakes show similar proportion of As(III) and (V) as rivers but they show greater variability in 
stratified lakes owing to their larger difference in redox reactions across strata.18   
The baseline level of arsenic in seawater is relatively constant, at around 1.5 µgL-1.7 It is 
found that in marine oxic waters, the concentration of arsenate decreases with increasing biological 
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activity in surface waters.18 This is linked to the similarity in structure of arsenate to phosphate, 
with both species participating in biological processes. The As(V)/As(III) ratio in open seawater 
is typically in the range 10-100 and exists mainly as HAsO4
2- and H2AsO4
- for As(V) and H3AsO3 
for As(III).4,7 
Since the main source of drinking water in most places is groundwater aquifers, arsenic 
levels in groundwater should be carefully monitored. There is a wide variation of arsenic 
concentration in groundwater, ranging between 0.5 to 5000 µgL-1.18 As Figure 1.2 shows, the 
presence of arsenic is found around the world and present under oxidizing and reducing 
conditions.22 A large percentage of these occurrences are from natural sources. Evaporation, 
leaching from arsenic rich minerals and geothermal waters all contribute to high arsenic levels. In 
strongly reducing aquifers, (possessing Fe(III)- and sulfate-reducing microbes), As(III) will exist 
in higher concentration.18,23 As(V) dominates in oxidizing waters.7   
 
Figure 1.2: Estimated global occurrence of arsenic24 [Reproduced with permission from Ref. 24] 
 
The distribution of arsenate and arsenite species in aqueous systems depends on the pH 
and reduction-oxidation (redox) potential of the system. Figure 1.1 shows the species distribution 
of arsenic in aqueous environment at a range of pH and redox potential conditions. The Eh 
represents the redox potential of the aqueous environment, where the lower the value, the higher 
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its reduction potential (ability to be reduced) and the higher the value, the greater is the oxidation 
potential (ability to be oxidized). The boundaries which contain the various arsenic oxyanion 
species represent the limit within which water exists. To exceed the Eh of the upper limit means 
that the water will be oxidized to oxygen, and to go below the lower limit means that the water 
will be reduced to hydrogen gas. The vertical boundaries illustrate the acid-base equilibria between 
arsenate and arsenite species, respectively, and are further illustrated using acid-base equations 1-
1 and 1-2 in Section 1.1.2.2. The diagonal lines in the diagram represent a combination of acid-
base equilibria and redox equilibria. It should be noted that the lines slope diagonally because the 
basic species favor a more oxidized state.25 It should be noted that conditions at pH 6.5 – 8.5, the 
common pH range of natural waters, arsenite species have no ionic charge, while arsenate species 
are anionic in nature.18 
1.1.3 Applications of Arsenic Compounds  
 The uses for arsenic compounds have been, and continue to be, many and varied across 
diverse industries. Some of those industries include pharmaceuticals, agricultural chemicals, and 
tailings from mining, metallurgy, glass-making, wood-preservatives and semi-conductor 
processes. While use of  much of the previous arsenic compounds have been discontinued due to 
human toxicity, complete elimination has not been achieved due to the versatility and favorable 
properties of certain arsenic species, such as gallium arsenide due to its high-electron mobility.4,15 
Elemental arsenic is used in the manufacture of alloys, commonly combined with lead and 
copper.26 Arsine gas is used in the fibre optic industry and the manufacture of computer chips as a 
doping agent.26 The myriad other compounds of arsenic are used in applications such as 
manufacture of pigments, dyes and soaps, electrophotography, ceramics and many other areas.7     
1.1.4 Arsenic in the Environment 
 
Exposure to arsenic mainly occurs through the ingestion of food or beverages contaminated 
with the arsenic species.26 The other way that humans are exposed to arsenic is through inhalation 
of arsenic species in air, though this poses a lesser risk due to reduced levels of volatilized arsenic 
species in the atmosphere and not due to toxicity since arsine gas is the most toxic arsenic species 
(fatal dose is 250 mg/m3 at an exposure time of 30 minutes).4 The trivalent arsenic species poses 
a greater threat to biological systems, as compared to the pentavalent species due to its ability to 
be re-absorbed into the system at a faster rate.4 Both affect the functioning of mitochondria; As(III) 
7 
 
can cause enzymes to become denatured through binding with sulfhydryl groups in proteins and 
As(V), due to its similarity in structure to phosphate groups, may disrupt binding in adenosine 
triphosphate during oxidative phosphorylation.27  
Arsenic toxicity can cause varying effects depending on whether the poisoning is chronic 
or acute. The long term gradual process of ingesting small amounts of arsenic (chronic) leads to 
many varied adverse effects. For instance, symptoms can range from mild, such as chronic 
weariness and hair loss, to severe, such as disturbance in the peripheral vascular and nervous 
systems and circulatory disorders.4 Large amounts of arsenic ingested over a short time period 
(acute) can result in more severe symptoms such as vomiting, dry mouth, abdominal pain, and 
nervous weakness.4 These symptoms eventually end in death within 24 h from fatal shock caused 
by renal failure.4 Beyond 24 h, severe organ damage will eventually lead to death as well. Arsenic 
is dangerous because it disrupts the repair process for damaged DNA.4 For this reason, arsenic is 
linked to the development of several cancers, including those of the lungs, bladder, skin and liver.4 
Inorganic forms of arsenic have a higher toxicity when compared to organic forms. The lethal dose 
(LD50) for inorganic sodium arsenite is 4.5 mg/kg and sodium arsenate is 14 to 18 mg/kg,  whereas 
organic monomethylarsonic acid (MMA) requires much higher dosage at 1800 mg/kg and 
dimethylarsinic acid (DMA) requires 1200 mg/kg.4 
 
Throughout the world, high levels of naturally-occurring and anthropogenic sources of 
arsenic in drinking water pose significant health concerns. The map in Figure 1.2 illustrates the 
worldwide occurrence of arsenic levels that exceed the World Health Organization (WHO) 
guidelines in regions of high-pH/oxidizing and reducing environmental conditions. This model 
was obtained by combining arsenic data with data obtained by probability map models.24 To 
determine if a region was generally high-pH/oxidizing, it should be arid, have poor drainage 
conditions and subsoil pH should be high. For reducing regions, the area should be humid, drainage 
conditions should be poor and organic content of the subsoil should be high. It is quite evident that 
many countries have arsenic levels in groundwater and surface water that exceeds the safe limit.22 
That limit, set by the WHO, is 10 ppb (μgL-1) and is regarded as the highest level of arsenic that is 
safe for drinking water to contain.7 This value was lowered from 50 ppb in 1993, which was 
primarily due to the advanced analytical capability of instruments for detection of arsenic.7 As the 
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sensitivity of arsenic detection further increases, the lower limits of arsenic detection limit will be 
improved. 
1.2 Methods for the Removal of Waterborne Contaminants  
Because of the danger posed by arsenic poisoning, many processes have been investigated 
to lower the levels of arsenic in water. Some of these processes are adsorption, oxidation, ion-
exchange, phytoremediation, reverse osmosis, membrane filtration and coagulation-flocculation.28 
Each process has been met with some degree of success. The most widely used methods found in 
the literature for arsenic removal are adsorption and coagulation-flocculation.28 
Adsorption is the removal of contaminants using a heterogeneous system, where the 
species being used for the removal (adsorbent) is in the solid state and the species being removed 
is either in a gaseous or liquid state. Its advantages include ease of handling, low cost, high removal 
efficiency and lack of sludge formation.17  
Oxidation is usually used in conjunction with other removal methods, such as adsorption 
or filtration. Arsenic removal via oxidation aids in removal by converting soluble As(III) to As(V), 
which is also soluble but has a greater affinity for sorption onto solid surfaces. In many cases, the 
oxidation is also for the benefit of forming a suitable species for removal of the arsenic. For 
instance, the oxidation of Fe(II) to Fe(III), and subsequent iron (III) hydroxide formation provides 
a surface site for arsenic anions to adsorb.29–31 There are many ways oxidation can be achieved 
that include the use of chemical oxidants, photochemical, photocatalytic and biological 
oxidation.28 
Ion-exchange involves the adsorption of ions on specially made solid resins with the 
contaminant ions in solution.5 Resins usually consist of three-dimensional hydrocarbon networks 
with pendant ionizable groups. The ions to be removed need to have a stronger affinity for the 
resin as compared to the ionizable groups. Arsenate removal works well with strong-base anion 
resins such as, HCrO4
‾ and ClO4
‾, suitable for arsenate removal.5       
Phytoremediation utilizes certain plant species for their natural metal ion uptake ability. 
The plants usually hyperaccumulate the ions in areas such as plant roots or like the Pteris vittata 
(Chinese brake fern) in fronds.32 
  Reverse osmosis is excellent for arsenic removal on the small scale. It uses membranes 
with pore sizes <0.001 μm and high pressures that force water through the membrane and leaves 
the arsenic trapped on the influent side of the membrane.32 Membrane filtration works in the same 
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way but depending on the type of membrane, the pore sizes will be different. For instance, 
microfiltration, ultrafiltration and nanofiltration require membranes of pore sizes 0.1 – 10 μm, 10 
– 1000 Å and ~1 nm, respectively.32 
Coagulation-flocculation is a very common water treatment method. This approach is 
especially useful for the removal of colloidal species; however, it has been used for the removal 
of many other types of contaminants, including arsenic.32 It involves the addition of a coagulant, 
which works by reducing the charge repulsion of the surface of the charged species to be removed 
by allowing them to self-assemble into flocs. Further addition of a polymer flocculant allows for 
bridging of the flocs formed into larger sizes which undergo colloidal destabilization.33    
1.2.1 General Removal Methods for Organic Arsenic Species 
Many studies have focused on the removal of inorganic arsenic species from water and 
wastewater. However, the widespread occurrence of arsenic in nature, bacterial and fungal species 
can convert many of the arsenic species into organic forms. Of the four most reported arsenic 
species in water (arsenite, arsenate, MMA, DMA), two of these are organic forms of arsenic.34  
Thirunavukkarasu et al.34 studied DMA removal using manganese greensand (MGS), iron 
oxide-coated sand (IOCS-1 and IOCS-2) and an ion-exchange resin activated with Fe3+ ions. 
IOCS-2 and the ion-exchange resin performed better than IOCS-2 and MGS, both of which showed 
poor uptake. IOCS-2 had an uptake of 8µg/g after 7 h and the ion-exchange resin had an uptake of 
5.7 µg/cm3.34 Ramesh et al.35 also studied the removal of DMA using adsorption onto polymeric 
Al/Fe modified montmorillonite. The maximum uptake for DMA on the montmorillonite was 18.8 
mg/g, which was lower than the uptake of As(III) and (V) with the same adsorbent.35 This work 
also made reference to other studies34,36,37 that investigated DMA removal, of which it had the 
highest uptake.                 
1.2.2 General Removal Methods for Inorganic Arsenic Species 
Inorganic arsenic species are abundant in natural waters due to natural weathering 
processes, the dissolution of As-bearing minerals and anthropogenic activities such as mining and 
pesticide use.38 Most of the inorganic arsenic species are in the +3 and +5 oxidation state. The 
characteristics of As(III) and (V) differ from each other and leads to differing binding affinity for 
the two types of As species by removal agents. Leupin and Hug39 investigated the removal of As 
(III) species using filtration through sand and zero-valent iron in a column in the presence of 
phosphate and silicate.39 The process worked by passing 1 L of synthetic As(III) spiked-water 
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through the column that becomes re-aerated between each filtration cycle. The mechanism 
suggested by the authors is that of oxidation of zero-valent iron to Fe(II), which is leached into the 
water; this is followed by further oxidation to Fe(III) as the water passes through the column in 
the various columns. The Fe(III) is converted to hydrous ferric oxides (HFO), which adsorb As(III) 
and As(V). As(V) comes from the concomitant oxidation of As(III) during the wash cycles.39 
Studies by Meng et al.40 on As(III) and As(V) also indicated that the removal of arsenic was due 
to adsorption and co-precipitation on ferric hydroxides formed from ferric chloride. These studies 
highlight the interference effects caused by silicates present in the water.40  
Another removal method used for inorganic arsenic was nanofiltration (NF) and reverse 
osmosis (RO) membranes. Košutić et al.41 investigated arsenate and pesticide removal using two 
commercial NF membranes and a reverse osmosis membrane. It was found that NF membranes 
were highly effective in rejecting arsenate from passing the filter; however, this was not 
significantly different from the RO membrane. The NF membrane mechanism of action relates to 
charge exclusion. In the case of the RO membrane, it was simply based on size.41   
The use of coagulation-flocculation for the removal of arsenic has been primarily done 
using alum and ferric salts, such as ferric chloride and sulphate. More recently synthetic and natural 
biopolymers have been incorporated into studies of the process with the regular coagulants or have 
replaced them as substitutes. Hering et al.42 investigated As(III/V) removal using both alum and 
ferric chloride with sourced and artificial freshwaters.42 Both coagulants were found to be effective 
at removing As(V) (from 20 µg/L up to 2 µg/L) at pH 7. Fe(III) proved to be active over a wider 
pH range with co-removal of As(III). Alum proved ineffective at removal of As(III) from source 
waters and it was more negatively influenced by the presence of natural organic matter (NOM) 
and sulphates, whereas Fe(III) was not affected. Hesami et al.43 employed chitosan along with 
ferric chloride in the removal of As(III/V). It was determined that the addition of chitosan hindered 
removal slightly but caused less Fe(III) to be required. As(V) removal was ~95%, while As(III) 
was 70% using the Fe(III)-chitosan system. There was a 50% drop in dosage of Fe(III).43 The 
coagulation process can be coupled to other processes for enhanced contaminant removal; for 
example, Zouboulis and Katsoyiannis44 studied arsenate removal using coagulation-direct 
filtration. The coagulant system was alum or ferric chloride, and organic polymers (cationic and 
anionic polyelectrolytes) were used to enhance the process in some cases. The coagulation-
flocculation process occurred in stages and finally filtered by use of a sand bed filtration system. 
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The combined metal ion coagulant with cationic polymer proved to be better at removing As 
species. However, all systems were able to reduce As(V) from an initial concentration of 400 µg/L 
to below 10 µg/L.44             
1.2.3 Colorimetric Methods for Determination of Arsenic  
Oxyanion arsenic species are colorless in aqueous solution and the measurement of arsenic 
levels is essential to maintaining proper levels in the environment. For this reason, it has garnered 
some importance in the literature for finding simple and inexpensive arsenic determination 
methods.16,45,46 This is especially relevant for field testing water samples in remote rural areas in 
affected countries such as India and Bangladesh. There are several very accurate instrumental 
methods that can be used for arsenic determination such as atomic absorption spectroscopy (AAS), 
inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma atomic 
emission spectroscopy (ICP-AES). However, while these methods possess low and accurate 
detection limits, they are quite expensive and unsuitable for field use due to instrument size and 
specialized conditions required. Field kits for arsenic determination have mainly utilized the 
Guzeit method,7 which is also the basis for many colorimetric methods for arsenic concentration 
determination. It works by generation of arsine gas. The arsine gas is produced by the addition of 
zinc powder and the reduction of arsenic under acidic conditions. The evolved gas is then trapped 
by silver diethyldithiocarbamate solution or mercuric bromide, which has been impregnated on 
paper. The detection limit was determined to be 100 µgL-1. This is problematic since many of those 
contaminated areas have arsenic levels that are below this value. Also, workers in poorly ventilated 
areas were exposed to dangerous levels of arsine gas. In 1979, Johnson and Pilson modified the 
standard molybdate-based method, used to determine phosphate concentration in water, for arsenic 
determination as well.46 The method works by taking advantage of the blue color formed when 
arsenate or phosphate react with a reduced molybdate species to form an arseno-molybdate 
complex. Since the As(V) species can form the complex while the As(III) cannot, an oxidation 
step is required to determine the total arsenic concentration in water. The detection limit for this 
method is usually quoted at ~20 µgL-1 and the reaction time is about 1 h.46 Dhar et al.46 proposed 
a modification of the Johnson and Pilson method.46 Their modification included an increase to the 
reaction rate by increasing the amount of potassium antimony tartrate, and using optimized 
amounts of potassium iodate and ascorbic acid. The result was a rate of color development reduced 
to 10 minutes, while a new detection limit below the 10 µgL-1 threshold set by the WHO.46 This 
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modified molybdate arsenic (As) determination method has been used by other researchers. Chun 
et al.47 used this method when studying the removal of arsenic using a magnetite-loaded 
mesocellular carbonaceous material, Fe3O4/MSU-F-C,
47 Yoon et al.48 utilized it for the monitoring 
of As(III) concentrations after photocatalytic oxidation with TiO2,
48 and Fe(III)-treated biomass 
of Staphylococcus xylosus was used to biosorb arsenic by Aryal et al.49 and the molybdenum blue 
method was also used.49 Such studies represent only a fraction where arsenic levels were analyzed 
by this method.    
1.3 Coagulation-Flocculation  
1.3.1 Introduction 
 The advantages of using coagulation-flocculation comes from its simplicity as a process. 
While there are many processes for contaminant removal in water, most cannot be used on an 
industrial scale without considerable cost.28 Compared to other methods, coagulation-flocculation 
offers lower cost, even on an industrial scale, and very efficient when properly optimized.50  It is 
also very effective for several different contaminant species, making it quite versatile. 
Coagulation-flocculation is used for the removal of colloidal species, usually quantified by 
measurement of turbidity, organic matter, dissolved ionic species, industrial effluents and dyes 
(anionic, cationic and neutral).28,33  
Coagulation occurs when the added coagulant combines with a dispersed particle system, 
allowing it to aggregate and settle. The dispersed particles, most often colloidal in nature, tend to 
be suspended due to strong repulsive forces amongst the particles. The addition of a coagulant 
causes the destabilization of the system by compressing the electric double layer surrounding the 
dispersed particles, reducing repulsion and allowing them to aggregate into larger particles 
(microflocs).51 Flocculation is the process of binding the formed microflocs into even denser 
particles (macroflocs) that can be removed by simpler separation techniques. Polymers are well 
suited to this due to their large molecular weight and long chains.51           
1.3.2 Types of Coagulants and Flocculants  
 Because coagulation is such an extensively used process there are many types of coagulants 
employed in water treatment. These may be organic or inorganic species. Mineral additives (e.g. 
lime, calcium salts), hydrolyzing metal salts (e.g. alum, ferric chloride), pre-hydrolyzed metals 
(e.g. polyaluminum chloride) and polyelectrolytes (coagulant aids) are used for such processes.28 
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 Flocculants are usually organic polymeric or inorganic species, where the use of inorganic 
flocculants has widely been curtailed due to their numerous disadvantages such as high dosage 
requirements and high sludge production volume.52 Organic polymer flocculants may be anionic, 
cationic, amphoteric or non-ionic and can be synthetic or naturally sourced.28   
It is more common to use ionic species such as aluminum sulphate (alum, Al2(SO4)3) and 
iron (III) chloride (FeCl3) to act as coagulants. They are favored due to their low cost and high 
effectiveness. However, because of metal toxicity of alum and the formation of high sludge 
volumes, the use of polymers has become more widespread.52 Commercial polymers used for 
water treatment are usually polyacrylamides (PAM). Their potential drawbacks include higher cost 
and the potential health risks due to acrylamide oligomers remaining in the treated water.28 Natural 
polymers, such as chitosan and alginate, have been considered as replacement alternatives for 
commercial polymers due to their low cost, biodegradability, ease of availability and their 
relatively low toxicity.52 
1.3.3 Coagulation-Flocculation Mechanisms  
The process of coagulation-flocculation occurs via several mechanisms based on the 
chemicals used in the process and the system being targeted, such as clay colloidal systems or 
ionic systems. Two of the main mechanisms are charge neutralization and electrostatic bridging.53 
To explain how these two mechanisms work, let us consider a colloidal clay system, which often 
requires the use of coagulation-flocculation for turbidity removal. Colloids are substances that 
scatter light due to their particle size being on the same order of magnitude as the scattered light. 
They are dispersed within a medium due to charge repulsion among the particles. They tend to be 
negatively charged and possess a tightly bound counter ion layer followed by another layer of more 
diffuse counter ions. These layers make up the electrical double layer.28 When an oppositely 
(positive in this case) charged species is added (coagulant), electrostatic attraction occurs among 
the coagulant and colloid, allowing for a decrease in repulsion due to the double layer being 
compressed. This allows for aggregation of the particles into microflocs which some may settle 
out of solution. The other mechanism is electrostatic bridging, which as the name implies, works 
by forming a bridge between and among microflocs to form macroflocs.54 The process of 
flocculation tends to occur by this mechanism.55 
Figure 1.3 shows the mechanism of charge neutralization and electrostatic bridging 
mentioned previously. Patch bridging was proposed for chitosan as a coagulant/flocculant. When 
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chitosan is used for coagulation/flocculation (in acidic media), its positive charges are found at 
smaller distances to each other than compared to those distances between particles of the species 
to be removed (colloid or dispersed species).50 This gives rise to ‘patches’ of charge neutralization, 
bridged by the rest of the polymer.50  
 
Figure 1.3: Proposed mechanisms of coagulation-flocculation 
1.3.4 Jar Test Apparatus Method  
Jar tests are an important tool for water treatment and have been used extensively.56,57 The 
Jar test method allows for simulating a full-scale water treatment process used in water plants, and 
allows for the investigation of new chemicals for treating raw water. It provides an opportunity for 
the small-scale testing in the laboratory for specific water treatment chemicals with a particular 
raw water system before moving to full scale operations.58 Jar testing begins by adding identical 
amounts of raw water to the jars, followed by the addition of water treatment chemicals to assess 
parameters such as dosage, chemical types, mixing rate, aeration level/time, filtration type, 
optimum pH and others.58 The jar test allows for the mixing of the chemicals with raw water in a 
similar manner as in the water treatment plant but on a much smaller scale. This allows for the 
observation of floc formation, development and settlement in a simple and cost effective manner.58 
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1.3.5 One-Pot Method Kinetics Studies 
The one-pot method was reported in detail elsewhere,59 and was used for the study of 
kinetics of adsorption as an alternative to batch experiments, particularly for heterogeneous 
sorption systems (e.g. solid-solution systems). The one-pot method works for heterogenous 
systems by separating the solid phase from the solution with adsorbate (substance being adsorbed) 
using a semi-permeable barrier, such as dialysis membrane or filter paper. Sampling can be done 
via two methods, in-situ or ex-situ. In the in-situ method, sampling occurs within the membrane, 
while the adsorbate and adsorbent (substance doing adsorbing) interact outside of the membrane 
in solution. Ex-situ sampling occurs when the solid adsorbent is enclosed within the membrane 
and immersed in the adsorbate solution; where the samples are taken from the adsorbate solution 
that lie external to the membrane. 
Advantages of the one-pot method include the use of less adsorbent material, which can be 
used with highly dispersed and colloidal material, whilst allowing for studies at variable 
temperature conditions. Mohamed and Wilson59 compared the one-pot method to conventional 
batch kinetic methods for the removal of two dyes (p-nitrophenol and phenolphthalein) using 
powdered adsorbents that included cyclodextrin-based polyurethane materials. The method 
comparison illustrated the difference in the type of experimental design for such kinetic studies. 
Ex-situ sampling showed the slowest kinetics, while batch method showed the fastest uptake. 
These results highlight the utility of both types of methods, especially in the case of reactions with 
faster kinetic profiles. The barrier slows the reaction down. Both in-situ and ex-situ sampling one-
pot methods allow for comparison of adsorbent species because even if the absolute kinetic 
parameters (Qt and k) cannot be determined, the relative parameters provide a relative 
comparison.59 
  The development of the one-pot method began with the study of the kinetics of roxarsone 
removal using iron oxide composites on activated carbon supports.60 The use of the in-situ 
sampling one-pot method was further enhanced through studies on the kinetics of urea uptake by 
Xue and Wilson.61 The choice of the one-pot method for the investigation of the utility of chitosan-
based materials for uptake of urea was due to the normally rapid kinetics of biological systems and 
the narrow concentration range of urea in the environment.61 The use of the one-pot method 
allowed for modeling of kinetics through the pseudo-first order (PFO) and pseudo-second order 
(PSO) models.  
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The versatility of this method continues to be highlighted by studies such as those that look 
at the kinetics of processes at take up differing species, e.g. phosphate62 and methylene blue dye.63 
Mahaninia and Wilson62 used the in-situ sampling one-pot method to not only determine kinetic 
parameters, but thermodynamic adsorption values by using the Arrhenius equation and the Eyring 
method.62 Dolatkhah and Wilson63 employed the ex-situ one-pot method for the study of the 
kinetics of methylene blue dye uptake with magnetite/polymer brush nanocomposites.63 These 
studies illustrate the versatility of the method and how it can be applied to heterogeneous systems.      
1.4 Biopolymers 
A polymer is defined as a series of repeating chemical units (monomers) that are covalently 
bonded.51 Polymers may be further divided into homopolymers that consist of only one type of 
monomer, and copolymers that consist of more than one type of monomer unit. Many polymers, 
including chitosan and alginate used herein are special types of biopolymers that possesses 
ionizable groups, and are referred to as polyelectrolytes. Polyelectrolytes can be cationic, anionic 
or ampholytic by possessing positive, negative or both types of ionic charge. Non-ionic polymers 
do not have any ionizable groups. Polyelectrolytes are endowed with hydrophilic properties due 
to these ionizable groups, which becomes charged with certain pH values.51  
 Natural polyelectrolytes or biopolymers are polymers whose origins are natural sources 
such as the plant or animal sources from the environment. Their use as flocculants can be traced 
back for many years, as evidenced by mention of the use of nuts of the Nirmali tree for water 
treatment (Sanskrit text ca. 2000 BC).51 The use of biopolymers for water treatment has improved 
over the years but similar to using synthetic polymers, the biopolymers must be studied (using jar 
test analyses) to determine suitability for a particular water system. The advantages of using 
biopolymers include them being of low toxicity and biodegradable.28 They also tend to be more 
readily available, and may be locally sourced in some cases and are often inexpensive. Sources of 
natural polyelectrolytes are diverse, ranging from starch derivatives, cactus plants (Opuntia), 
alginate from seaweed and many others.28,64 
1.4.1 Chitosan  
 
Chitosan refers to a group of biopolymers obtained from the deacetylation of chitin. Chitin 
naturally occurs in nature and is found to be the second most abundant biopolymer, after 
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cellulose.65 Chitin, first identified in 1884, is found in many invertebrates such as nematodes, 
molluscs, in the exoskeletons of arthropods and insects and the cell walls of fungi and yeast.65 
Chitosan is obtained by deacetylation of chitin; chitosan is characterized by its degree of 
acetylation (DA), which can be expressed as a mole percent (mol%). Those biopolymers derived 
from chitin and its deacetylated form below 50 mol% are referred to as chitosan.65 One of the 
major differences between chitosan and chitin lies in the solubility. Chitin, found abundantly in 
crab and shrimp shells, has a limited solubility, being soluble in strong polar protic solvents such 
as trichloroacetic acid.66 In fact, it is less soluble than cellulose as well due to hydrogen bonding 
of the acetylamide group; this makes chitin highly crystalline.65,66 Loss of about two-thirds of these 
groups, when the amide is converted to amine to form chitosan, causes chitosan to be of a higher 
solubility than chitin in dilute acids.66 
The main commercial source of chitin is crab and shrimp shells. In these exoskeletons 
chitin exists as crystalline microfibrils that can be extracted and deacetylated by enzymatic or 
chemical means to chitosan.65 Commercial preparation of chitosan tends to rely on chemical 
methods of lower cost and more suited to an industrial scale process.65 Alkali N-deacetylation is 
preferred because it is less likely to cleave glycosidic linkages as compared to acid extraction.65 
Alkali deacetylation may be heterogeneous or homogeneous, depending on the degree of 
deacetylation required. In the heterogeneous method, hot concentrated alkali (often NaOH) 
solution is combined with the chitin and left to stand for a few hours.65 This process results in a 
chitosan with ~85 – 99% DA, which is formed as an insoluble residue. A 48 – 55% DA is obtained 
when homogeneous N-deacetylation is used. This method also employs the use of concentrated 
NaOH. The chitin is reacted with the NaOH for upwards of 3 h, and then dissolved in crushed ice. 
Chitosan formed by this process is soluble with uniform distribution of acetyl groups. Studies have 
shown that the morphology of chitosan, particularly MW and DA, are affected by the concentration 
and nature of alkali, reaction time, temperature, number of alkaline hydrolysis steps, atmospheric 
conditions and the use of a reducing agent, such as sodium borohydride (NaBH4).
65 The MW is 
more influenced by concentration and nature of the alkali, while DA is more influenced by reaction 
time, temperature, number of alkaline hydrolysis steps, atmospheric conditions and reducing 
agent.65  
 Enzymatic deacetylation of chitin has the advantage of being less energy consuming and 
does not require large amounts of alkali solution.65 It takes advantage of chitin deacetylases, which 
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can be found in fungi and some insect species.67 Some common fungal species used are Mucor 
rouxii, Absidia coerulea, Aspergillus nidulans and Colletotrichum lindemuthianum.67 These 
species work by hydrolyzing the N-acetamide bonds in chitin.67   
 
Chitosan is non-toxic, non-immunogenic, biodegradable and biocompatible in animal 
tissues. It has a low cost and high availability; as such, it is applicable to many fields of use. For 
instance, in the field of biomedical applications, it is used in wound dressings, tissue engineering, 
blood anticoagulants, implant coatings, and therapeutic agent delivery systems.68 Park et al.69 
studied chitosan oligosaccharides (CTS-OS) and their anti-tumor activity.69 The various CTS-OS 
were shown to cause 50% cancer cell death (CC50). For example, 25 µgL
-1 CTS-OS concentration 
was required for CC50 of A549 (lung cancer cell).
70 Chitosan has been shown quite often to have 
anti-microbial activity, where Zheng et al.71 studied the effect of chitosan MW on Staphylococcus 
aureus (gram-positive) and Escherichia coli (gram-negative).71 An increase of MW caused an 
increase in antimicrobial activity for the former but a decrease for the latter.71     
Other applications of chitosan include usage as a food thickener, paper and textile adhesive, 
membrane and film formation, chelating agent for metals and flocculant.72,73 Chitosan is used in 
microbial, animal plant cell immobilization, by providing a solid support on which to mount 
them.73 The textile industry takes advantage of the antimicrobial properties of chitosan by using it 
to create medically related sutures, threads and fibres.73 Due to its structural similarity to cellulose, 
chitosan is used in the paper industry extensively.73 Uses include, but are not limited to, 
strengthening recycled paper, and increasing its biodegradability, increasing water resistance and 
aiding in the production of paper with a smoother surface.73 
Chitosan is highly applicable to many biomedical applications. Chitosan membranes have 
been proposed for the manufacture of artificial kidneys, due to their excellent tensile strength and 
permeability.68 Zhang and Zhang synthesized microporous chitosan/calcium phosphate composite 
for tissue engineering.73 Chitosan has been used often in the manufacture of various wound 
dressings; for example, chitosan films may be used in ocular bandage lens.73 Another biomedical 
application where chitosan is employed includes the development of drug delivery systems.73 Jain 
and Banerjee investigated the use of chitosan as a delivery system for ciprofloxacin hydrochloride. 
Chitosan proved to be promising for this purpose.74        
19 
 
Investigations have been done on the use of chitosan as a coagulant or coagulant aid, in 
conjunction with common salts used for coagulation to remove turbidity, color and ionic species 
such as arsenic.28 One of the disadvantages of chitosan is its lack of stability, which is due to its 
hydrophilic nature and pH sensitivity.65 However, this also makes it easier to modify to enhance 
properties it lacks in its pristine form. Chitosan may be crosslinked to form beads, fibres, films and 
hydrogels. Common modifiers are organic reagents such as epichlorohydrin, chloroacetic acid, 3-
chloro-2-hydroxypropyl trimethyl ammonium chloride and others,65 as described further in 
Section 1.4.5. 
 
Chitosan is a linear polysaccharide composed of glucosamine and N-acetyl-glucosamine 
monomers linked by β(1→4) glycosidic bonds. Figure 1.4 shows the structural differences 
between chitin and chitosan.75 Primarily, the acetamido groups have been replaced with amino 
groups. The DA and distribution of acetyl groups along the biopolymer exert strong influence on 
the physical properties of chitosan, when in solution. When the acetyl groups are distributed in a 
non-uniform manner in blocks that lead to a greater ease of aggregation of particles due to 
increased chain association. With the amino groups present on the chitosan, in acidic media (pKa 
6.5)75 these groups become protonated and chitosan adopts a positive charge. The protonated 
amino groups provide the positive charge sites to neutralize negatively charged species. 
 
 
Figure 1.4: Structure of chitosan and chitin, where n denotes the degree of polymerization 
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Since it is a linear polymer, it can also partake in bridging via loops and tails that extend 
out of the microflocs.76 This should highlight the importance of the configuration of the 
biopolymer in water. Configuration is also influenced by the charge density of the polymer. Firstly, 
the greater the level of charge density of chitosan, the greater its viscosity in solution at a given 
MW.51 Secondly, an increase in viscosity is linked to an increase in molecular chain length. This 
indicates that as the charge density is increased, the electrostatic repulsion with the chain 
increases.51 It can be concluded that as the charge density of the biopolymer increases, the chain 
goes from tightly coiled (low charge density), to kinked coils (medium) and extended filament-
like chains (high), and is accompanied by an increased solution viscosity. It may also be inferred 
that as the viscosity increases with chain length or MW, the viscosity increases proportionately. 
Hence, ionic strength of the medium is important since greater ionic strength reduces the influence 
of charge on the polymer (less charge repulsion), resulting in a tighter coiled configuration.51 
The pH of the solution also influences the conformation of the polymer just as the MW and 
charge density affect polymer conformation. This relates to the effect of pH on charge density of 
chitosan. At pH values below 6.5 (pKa of chitosan), the amine groups are protonated and positively 
charged. Chitosan often has a more extended structure in acidic media due to electrostatic repulsion 
of these ammonium cations. At pH values above the pKa, chitosan becomes neutralized and has a 
more coiled conformation since there is less charge repulsion and hydrophobic effects play a role.28       
 
 Investigation of the removal of arsenic by chitosan are extensive and varied in terms of the 
process used, where adsorption has been highly favored and reviewed.32,77–79 As previously 
discussed, the process of coagulation-flocculation is highly applicable to many types of 
contaminants, dissolved species like arsenic being one such species. The potential of this area has 
not been fully explored but studies have been carried out using coagulation-flocculation for the 
removal of arsenic, where most studies use traditional coagulants such as alum and Fe(III).28,30 
The latter is particularly favored because of its natural occurrence in water bodies which has been 
linked to lower arsenic levels, as supported by numerous studies.30,31 Hesami et al.43 investigated 
the removal of arsenite and arsenate with an Fe(III)-chitosan system, with chitosan as a coagulant 
aid.43 Optimal removal of As(III) (80%–100%) was achieved at pH 7 using Fe(III) by itself at a 
dosage of 60 mg/L. The advantage of chitosan as an aid resulted in less Fe(III) required. Chitosan 
addition also affected As(V) removal, but to a lesser degree, where the removal was ca. 5%–10% 
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and less than that observed for As(III).43 This study showed that while chitosan was responsible 
for less Fe(III) being required, the Fe(III) itself was mainly responsible for arsenic removal. The 
suggested mechanism for removal of arsenic using Fe(III) deals with soluble arsenic being 
converted to insoluble arsenic. The soluble arsenic species are converted through three major steps: 
(1) formation of solid iron arsenate (FeAsO4) through precipitation; (2) co-precipitation of arsenic 
species along with solid metal hydroxides through inclusion, occlusion or adsorption; and (3) 
removal of soluble arsenic species via adsorption onto pre-formed solid hydroxide precipitates.29–
31 Chitosan addition resulted in the use of lower Fe(III) levels used through the bridging of flocs 
formed from iron and arsenic. Since the study was done at pH 7 at levels above the pKa of chitosan, 
precipitation would likely occur between chitosan, arsenic species and Fe(III) hydroxides from 
solution. Bridging with chitosan occurs through dispersion forces rather than electrostatic 
attractions.43 Arsenite species had a noticeable drop in removal due to competition between 
arsenite and chitosan for Fe(III). Arsenite and chitosan are non-ionized at this condition, where 
favourable association occurs via dispersion forces.43 
Organoarsenical removal by coagulation-flocculation has not been widely evaluated but 
since they are formed through bacterial and fungal action on inorganic arsenic species, they should 
be considered. Biomethylation of arsenite and arsenate may yield methylated species such as 
monomethyl arsenate (MMA) or dimethyl arsenate (DMA). In a study done by Hu et al.11, Fe(III) 
performed better than aluminum, when the two and polyaluminum chloride were compared.11 The 
removal efficiency (%), As(V) > MMA > DMA, showed that methyl groups hinder removal. The 
ionic binding of As species onto the surface of the Fe/Al hydroxide illustrates the key mechanism 
of As removal. The authors suggested that the binding changed based on available groups on the 
arsenic species, with less available groups for binding being present with increasing methylation.11  
The lack of research on the use of chitosan for the removal of arsenic using coagulation-
flocculation has led to the investigation reported in this thesis. 
1.4.2 Alginate  
 
The two main sources of alginate are marine brown algae (Phaeophyceae) and bacterial 
biosynthesis.80 It acts as a structural component with the alginate-gel matrix giving the algae 
mechanical strength and flexibility. In a way, it is like the cellulose of ocean plants. Brown 
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seaweed species used for alginate harvesting include Ascophyllum, Durvillaea, Ecklonia, 
Laminaria, Lessonia, Macrocystis and Sargassum.80  
Alginate extraction is fairly simple, but the difficulty lies in removing gelatinous 
precipitates and slimy residues that resist filtration and centrifugation.81 The extraction of alginate 
first involves the seaweed being cut into tiny pieces. An alkaline solution (usually NaOH) is then 
used to separate the alginate from the insoluble seaweed residues. The extracted alginate is in the 
form of a very dilute sodium alginate solution in water. From this stage, separation may occur by 
two pathways: calcium alginate process or alginic acid process.81  
In the former process, calcium chloride is added to the alginate solution and converted to 
the insoluble calcium alginate (equation 1-3) and filtered out. After this, further separation occurs 
by addition of acid to form alginic acid fibres (equation 1-4) and finally sodium carbonate or 
sodium hydroxide is added and sodium alginate is obtained (equation 1-5).  
Ca2+(aq) + 2NaAlg(dilute, aq) → Ca(Alg)2(s) + 2Na+(aq)    (1-3) 
Ca(Alg)2(s) + 2H 
+(aq) → 2HAlg(aq.) + Ca2+(aq)      (1-4) 
HAlg(aq) + Na+(aq) → NaAlg(conc., aq) + H+(aq)     (1-5) 
The latter process produces sodium alginate via alginic acid, where the addition of acid 
followed by addition of alcohol and sodium carbonate firstly produces alginic acid then sodium 
alginate.81 This results in similar compound formation as that shown in the previous equations, 
without the added step of adding calcium chloride.82  
 
Alginate is composed of two major monomer units: β-D-mannuronate (M) and α-L-
guluronate (G). The monomers are bound through (1→4) linkages that form block copolymers, 
with an M:G ratio that depends on the alginate source. The alginate blocks are either in groups of 
M residues (MMMMM), groups of G residues (GGGGG) or alternating M and G residues 
(MGMGMG).83 The alginate monomer residues do not have a regular repeating pattern and as 
such, its sequential structure is not easily determined. As previously mentioned with chitosan, the 
conformation of the alginate polymer is very important in understanding its functionality. Alginate 
has interesting properties due to its copolymer blocks. For those homopolymer blocks, the G-
blocks were in a 1C4 conformation and the M-block, in a 
4C1 conformation (see Figure 1.5(A)). 
The blocks also differ in viscosity and chain stiffness, where the stiffness is listed in ascending 
order: MG < MM < GG. The diaxial linkage in the G-block causes hindered rotation around the 
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glycosidic linkage and this leads to the G-block being stiffer than the M- and MG-block. The 
Mark-Houwink-Sakurada equation shows the relationship between intrinsic viscosity ([η]) and 
MW (M); where the parameter (a) shows the extent of chain stiffness and extension. As a 
increases, the stiffness increases.80 Both a and K are constants, which are linked to the type of 
solvent and temperature conditions,84 according to equation (1-6). 
 [η] = K. Ma         (1-6) 
Equation (1-6) shows that the MW influences the viscosity of the alginate in solution since 
the viscosity increases as the molecular weight increases. Since alginate is a linear polymer as 
shown in Fig. 1.5 (A), alginate possesses multiple carboxylate groups on the monomer residues 
since it is an anionic polyelectrolyte above its pKa value. The charge repulsion of the anionic 
groups cause, the polymer adopts a more extended conformation with greater intrinsic viscosity. 
The pKa of the M and G residues are 3.38 and 3.65,
85 respectively. Depending on the composition 
of the alginate, the pKa of the polymer will fall between the two individual pKa values. This is an 
important factor because the presence of anionic groups lead to its solubility in water at pH values 
below the pKa of the alginate. At pH values below the pKa, the alginate will precipitate out or gel 
depending on how gradually the pH changed. Gel formation occurs with a more gradual pH 
change. The composition of the polymer chains also matter, where the homopolymer blocks 
precipitate faster due to the presence of hydrogen bonds that stabilize the crystalline polymer 
domains. MG-blocks tend to lack these domains and precipitate at more acidic pH values.80 Aside 
from pH in water, the solubility of alginate is affected by two other factors: i) ionic strength and 
ii) the nature of the ions in water also affect solubility. Particularly, Ca2+ ions in ‘hard’ water react 
with the alginate to form gels (see Fig. 1.5(B)).80 
The nature of the blocks of copolymers is responsible for the physical properties shown by 
alginate, and especially affect gelling phenomena with divalent metal ions. More specifically, the 
G residues contribute significantly to the formation of alginate gels. 
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(A)   
(B)  
Figure 1.5: (A) Structure of sodium alginate and (B) Egg-box model for binding of Ca2+ ions with 
G residues80 [Reproduced with permission Ref. 80] 
 
Alginate possesses three properties that make it a very versatile biopolymer. This includes 
its ability to act as a thickener in aqueous solutions, along with its gelling ability and the ability to 
form films and fibres. These properties are widely exploited across many industries such as the 
food, textile and pharmaceutical industries, to name a few.86   
In the textile industry, alginate can be used to decolorize dyes such Amaranth and Reactive 
Red 22. The former was done using Trametes versicolor immobilized on the alginate87 and the 
latter, immobilized Pseudomonas luteola 88 onto an alginate-silicate sol-gel. The fibre-forming 
ability of alginate was used extensively for the manufacture of wound dressings. Qin compared 
the performance capability of several of these dressings for absorbency capacities, gel swelling 
ratios in water and normal saline, wicking of fluid, and dry and wet strengths.89 The findings 
highlighted the difference in functional abilities with variation in alginate composition (M:G ratio) 
and the amounts of calcium and sodium present in the fibres. For instance, the gelling ability of 
the fibres increased as the amount of M was increased, and the addition of sodium ions increased 
the absorbency of the fibres. Qin et al.89 studied the transformation of calcium alginate fibres into 
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alginic acid fibres and sodium alginate fibres and also found that the sodium ions increased 
absorbency, while the alginic acid fibres were less absorbent than both calcium and sodium 
fibres.89  
The use of alginate in the pharmaceutical industry is variable, where alginate interactions 
with polycation species have been studied in the manufacture of drug delivery devices such as 
insulin delivery microcapsules. Thu et al.90 studied the interaction of alginate with poly-L-lysine 
(PLL), a polymer containing multiple cationic amine groups.90 Enhanced binding of PLL was 
found with alginate containing higher amounts of M residues. Microencapsulation is also used in 
food biotechnology, where bioactive ingredients may be coated with materials that allow for 
several beneficial outcomes. Alginate can be used for the coating of probiotic microorganisms; 
this allows for the microorganisms to be released into favorable environments when digested.91 
 
The use of alginate for the removal of arsenic is infrequent, especially on its own. However, 
with its gelling abilities, it makes for a good support material to attach other more traditional 
arsenic removing materials; one of the most widely used species being Fe (III). Escudero et al.92 
entrapped waste Fe (III) and Ni (II) (hydr)oxides from an electroplating industrial plant into 
calcium alginate beads for the removal of arsenate and arsenite species. These novel materials 
helped to increase uptake of arsenic by 60% when compared to using the hydr(oxides) only.92 A 
calcium alginate entrapped material was made by Lim et al.93 and used for the removal of arsenate. 
The material encapsulated into the calcium alginate was magnetite, a magnetic Fe compound.93 
The research showed that the lattice oxygen in magnetite and the oxygen in hydroxyl groups of 
the calcium alginate are important for the uptake of arsenate.93,94 
While alginate has been studied for the removal of contaminants using coagulation-
flocculation,95 it has so far not been studied on the removal of arsenic by this process. The previous 
examples show its utility when alginate acts as a biosorbent. Further studies are needed to 
investigate its activity as a bioflocculant.       
1.4.3 Polyelectrolyte Complexes  
Polyelectrolyte complexes (PECs) are formed when two oppositely charged polymers 
(polyanions and polycations) are mixed together and stabilized by electrostatic forces. At certain 
optimum pH ranges, the polymers will have opposing charges and be able to come together to 
form the complex. Bungenberg de Jong and coworkers were some of the earliest scientists to study 
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these macromolecules in the 1930’s and 1940’s. An example of a PEC is the combination of gelatin 
(polycation) and gum arabic (polyanion). PECs may come from natural sources, as seen in the 
previous example,  where a combination of synthetic polymers, such as sodium poly(styrene 
sulfonate) and poly(vinyl methyl pyridinium) are used.96 Saether et al.97 mention entropy gain 
through release of counter-ions as a major driving force for PEC formation.97 Michaels explains 
this further as an ‘escaping tendency’; each polymer has with it accompanying micro counterions, 
which are limited in mobility due to electrostatic attraction. When a PEC is formed, the counterions 
are released and diffuse into the solution and increase the entropy of the system. The entropy is 
the driving force for the reaction provided that it is larger than the entropy decrease caused by the 
formation of the PEC since PEC formations results in a more ordered structure. Evidence for 
entropy as the driving force comes from observable swelling of the PEC in concentrated electrolyte 
solutions.96 Flocs are thought to be formed by either having one polymer act as a charge 
neutralization facilitator and then the other polymer bridges the microflocs together by electrostatic 
attraction to the first polymer. Or if pre-mixed, having both bridge simultaneously the particles in 
the system.98 
Chitosan, due to its cationic polyelectrolyte nature can for complexes with synthetic and 
natural anionic polyelectrolytes such as alginate at certain pH values. The complex formation of 
such polymer species to form a PEC has been studied by Saether et al.97 by investigation of the 
size, zeta potential and pH of the chitosan-alginate PEC using Dynamic Light Scattering (DLS). It 
was reported that the two most influential parameters related to net charge ratio and MW of the 
biopolymers.97 Another study looked at the M/G ratio of alginate in the formation of the chitosan-
alginate PEC system. The complex formed was non-stoichiometric and independent of alginate 
composition and the MW of chitosan.99 Stoichiometric complexes are those that exhibit 1:1 
binding between poly-ions, while non-stoichiometric complexes bind in a more haphazard manner. 
The binding affects their swelling ability, where non-stoichiometric PECs can absorb around ten 
times their dry weight in water and only about 30% water by weight for stoichiometric PECs due 
to their “tighter” binding.96 Li et al.100 also studied the characterization of chitosan-alginate PECs. 
This study helped to determine that there was partial protonation of the amine groups of chitosan 
and these groups bonded electrostatically with the carboxylate groups of the alginate to give a 
strong PEC.100 Han et al.101 showed that the chitosan-alginate PEC can also be modified to adjust 
various properties. A chitosan/hydroxyapatite solution was incorporated into an alginate scaffold 
27 
 
to form a PEC and its microstructure, porosity, mechanical strength and thermal stability were 
investigated. This PEC showed good mechanical strength and thermal stability and it exhibited 
good pore structure (after freeze drying) with pore sizes ranging from 80 to 200 µm.101 This study 
shows the utility of chitosan-alginate PECs and how it can be further modified for many 
applications. 
In terms of applications, PECs may be used for dialysis and ultrafiltration membranes, fuel 
cell membranes, moisture-breathable plastic composites, electrically conductive and anti-static 
coatings, medical and surgical prosthetic materials, environmental sensors and chemical 
detectors.96 Chitosan-alginate PECs may be considered for specific types of drug or gene delivery 
systems in biomedical science, immune stimulating properties, tissue engineering and other 
applications including wastewater treatment.97,102                 
1.5 Summary 
The removal of arsenic from water and wastewater is of immense importance due to its 
toxicity and widespread occurrence across the globe. The use of biopolymers such as chitosan and 
alginate, along with traditional metal salt coagulants, in the coagulation-flocculation process is a 
promising avenue of study. The biopolymers themselves are advantageous due to their ‘green’ 
nature, since they could be and have been used without toxic side effects. The low cost of these 
biopolymers adds to their desirability since both come from natural, abundant sources and studies 
have shown that using flocculants reduces the amount of traditional coagulant required, while 
requiring a small dosage itself.  
The use of these biopolymers has been studied and shown to be effective at water 
remediation involving a variety of colloidal materials and dissolved particles but their use in 
arsenic removal either separately or together is sparse or non-existent when compared with other 
structurally related inorganic oxyanions such as phosphate. The utility of coagulation-flocculation 
using biopolymers will be explored in this thesis and is of great interest due to the simplicity of 
the process and the self-assembly of the flocculants. This means that the polymers arrange 
themselves in an optimal configuration based on the environmental conditions, pH for instance, 
and their intrinsic parameters such as MW and charge density. Both chitosan and alginate are 
polyelectrolytes, with the former being cationic at pH values below its pKa at 6.5. Alginate forms 
anion species at pH conditions above its pKa, especially at pH conditions above 3.38 to 3.65. At 
the appropriate pH conditions, chitosan and alginate may form a PEC, which is posited to enhance 
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arsenic uptake into flocs through precipitation and/or extended flocculation since there are two 
polymers instead of one.       
1.6 Research Objectives 
This thesis aimed to answer the following questions by addressing several research 
objectives: 
1. Do the parameters of dosage, metal salt type, pH conditions, MW and viscosity affect the 
removal of colloidal materials using a metal salt-chitosan/alginate system? To address this 
objective, Jar test studies were performed using a model kaolinite suspension to test the 
removal efficiency of the metal salt-chitosan/alginate. Speed and time of stirring using the 
Jar test was also studied. 
2. How does the addition of colloidal materials affect the removal of roxarsone using the 
metal salt-chitosan/alginate system? To address this objective, Jar tests were performed 
both with and without kaolinite suspension at ambient pH conditions and pH 7 to determine 
removal efficiency. 
3. How does the addition of colloidal materials affect the removal of arsenate using the metal 
salt-chitosan/alginate system? To address this objective, Jar tests were performed both with 
and without kaolinite suspension at ambient pH conditions and pH 3 to determine removal 
efficiency. 
4. Which of the components are responsible for roxarsone removal and how do they affect 
the kinetics of the reaction? To address this objective, a novel one-pot method was used to 
determine the change in roxarsone removal, with and without kaolinite, at variable time 
and temperature conditions. 
5. Which of the components are responsible for arsenate removal and how do they affect the 
kinetics of the reaction? To address this objective, a one-pot method was used to determine 
the change in roxarsone removal, with and without kaolinite, at variable time and 
temperature conditions. 
The following hypotheses were investigated in this thesis: 
1. The coagulation flocculation of a model kaolinite suspension will be improved by using a 
metal salt-chitosan/alginate at optimized conditions.  
2. Arsenic (roxarsone and arsenate) removal will be enhanced by addition of chitosan/alginate 
biopolymers to iron (III) and further enhanced with kaolinite present. 
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3. Variable kinetic models (e.g. pseudo-first order and pseudo-second order kinetic models) 
can be used to analyze coagulation flocculation of roxarsone and arsenate using iron (III) 
and iron (III)-chitosan/alginate systems.     
 
Each of the following chapters of this thesis will address the questions proposed above and are 
chapters outlined, as described below: 
• Chapter 1 provides an introduction of the topics addressed in this thesis, along with the 
relevant literature survey herein.  
• Chapter 2 provides a description of materials and methods used for Jar test and one-pot 
studies are described, including other experimental methods used herein. 
• Chapter 3 describes the results and data analysis of the optimization of the metal salt-
chitosan/alginate system using the Jar test method for model kaolinite suspension removal.  
• Chapter 4 describes the results and data analysis for the Jar test studies of roxarsone and 
arsenate (V) removal using iron (III)-chitosan/alginate system described herein. 
• Chapter 5 describes the results and data analysis of the removal of roxarsone and arsenate 
using the one-pot method. The results and data analysis of the kinetic and thermodynamic 
studies are described herein.  
•  Chapter 6 provides a conclusion and suggestions for future work. Further experiments are 
proposed to further enhance the removal of arsenic species from water and also, 
experiments for the use of the metal salt-chitosan/alginate system for removal of arsenic 
samples from ex-situ sources are proposed to demonstrate proof-of-concept in practical 
applications.     
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2. Chapter 2 EXPERIMENTAL METHODS  
2.1 Material and Methods  
This chapter encompasses the list of materials used in the research, methods used for 
coagulation-flocculation and analysis of the process by instrumental techniques. 
2.1.1 Materials  
Low molecular weight chitosan (LMWC, 75-85% deacetylation; MW range 50,000-
190,000 kDa) and medium molecular weight chitosan (MMWC, 75-85% deacetylation; MW range 
190,000-310,000 kDa), potassium antimony (III) tartrate hydrate, antimony molybdate 
tetrahydrate were purchased from Sigma-Aldrich Canada (Oakville, ON). High viscosity alginate 
(viscosity range 1000-1500 cps, 1% aq. soln.), low viscosity alginate (viscosity range 40-90 cps, 
1% aq. soln.), aluminum sulfate hydrate and sodium hydrogen arsenate heptahydrate were obtained 
from Alfa Aesar (Ward Hill, MA). Roxarsone was obtained and purified according to method in 
reference 45. Kaolinite, NaOH, HCl, H2SO4, potassium phosphate monobasic, iron (II) chloride 
tetrahydrate, iron (III) chloride hexahydrate were all obtained from Sigma-Aldrich Canada 
(Oakville, ON). Potassium phosphate dibasic was obtained from Fisher Scientific (Fair Lawn, NJ). 
L-ascorbic acid was obtained from BDH Chemicals Canada (Toronto, ON). All materials were 
used as received without further purification unless specified otherwise. All stock solutions were 
prepared using 18 MΩ.cm Millipore water and pH was adjusted with 2.5 M HCl and NaOH 
solutions. Unless stated otherwise, all experiments were carried out at room temperature, 20+1 ºC. 
2.2 Spectroscopic Techniques  
2.2.1 Ultraviolet-Visible (UV-vis) Spectroscopy  
 
A Varian Cary-100 Scan UV-Vis spectrophotometer was used in the transmittance mode 
to indirectly measure the turbidity of kaolinite suspensions in water at 800 nm.   
 
 A Varian Cary-100 Scan UV-Vis spectrophotometer was used to measure the absorbance 
spectra of roxarsone (λmax = 244 nm) directly in aqueous solution, buffered to pH 7 using phosphate 
buffer. The Beer-Lambert law was used to quantitatively determine the concentration of roxarsone 
at pH 7.    
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A Varian Cary-6000i Scan UV-Vis-NIR spectrophotometer was used to measure arsenate 
ion levels, which were indirectly estimated by colorimetric detection of the formation of an arseno-
molybdate complex using a colorimetric method (adapted from reference Dhar et. al. (2004) and 
explained in further detail in Section 2.5.1)46 where the absorbance of the dye complex (λmax = 900 
nm) was monitored at steady-state conditions. The Beer-Lambert law was used to quantitatively 
determine the concentration of this dye complex and hence the arsenate ion concentration at pH 3 
and 6.5. 
2.3 Optimization Coagulation-Flocculation Studies with Kaolinite Suspensions  
2.3.1 Dosage of Coagulant/Flocculant Solutions  
 
Scheme 2.1: Illustrated scheme for the kaolinite removal procedure 
 
With reference to Scheme 2.1, a single jar of a six-gang Phipps & Bird jar test apparatus 
was filled with 1 L of 400 ppm kaolinite solution and stirred for 1 min. at 50 rpm to ensure uniform 
colloid distribution (Step A) for one metal salt experiment and this was repeated for the other metal 
salts. Just after colloid was mixed, a solution of metal salt (alum, iron (II) and (III) chloride) at 
variable concentrations (15 – 60 ppm) was added to the kaolinite suspension and stirred for 3 min. 
at 295 rpm (Step B, fast mixing). Immediately after this, 2.5 ppm MMWC solution (dissolved in 
1% HCl solution) was added and stirred for 10 minutes at 50 rpm (Step C). HVA was then added 
at a concentration of 10 ppm and stirred for a further 10 min. at 50 rpm (Step D, total slow mixing 
20 min.). When the stirring had been completed, the suspension was allowed to settle for 30 min., 
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with 3 mL aliquots removed initially and subsequently at 5 min. intervals after for transmittance 
to be measured using the spectrophotometer at λ = 800 nm (Step E). 
 
The procedure in Section 2.3.1.1 was repeated with the addition of fixed amounts of metal 
salt solution (30 ppm alum, 15 ppm iron (II) and (III) chloride) to the various kaolinite suspensions 
during step B. During step C, MMWC solution (dissolved in 1% HCl solution) was added at 
variable concentrations (2.5 – 10 ppm). The remainder of the procedure is repeated as indicated in 
Section 2.3.1.1 (step E).   
 
The procedure in Section 2.3.1.1 was repeated with the addition of fixed amounts of metal 
salt solution (30 ppm alum, 15 ppm iron (II) and (III) chloride) to the various kaolinite suspensions 
at step B. Then 2.5 ppm MMWC solution (dissolved in 1% HCl solution) was added at step C. At 
step D, HVA was then added at variable concentrations (2.5 ppm – 10 ppm) and stirred for a further 
10 min. at 50 rpm (total slow mixing 20 min.). This was followed by step E. 
2.3.2 Effect of pH on Coagulation-Flocculation 
  The procedure in Section 2.3.1.1 was repeated by first adjusting the various kaolinite 
suspensions to the desired pH (3, 5, 7, 9) using HCl or NaOH solution. Step B was done with fixed 
amounts of metal salt solution (30 ppm alum, 15 ppm iron (II) and (III) chloride). Step C was done 
with 2.5 ppm MMWC solution (dissolved in 1% HCl solution) and step D with 10 ppm HVA, 
followed by step E. 
2.3.3 Molecular Weight of Chitosan  
The procedure in Section 2.3.1.1 was repeated with fixed amounts of metal salt solution 
(30 ppm alum, 15 ppm iron (II) and (III) chloride) added to the various kaolinite suspensions in 
step B. For step C, chitosan of varying MW (MMWC or LMWC) solutions (dissolved in 1% HCl 
solution) in variable concentrations (2.5 – 10 ppm) were added. Step D used 10 ppm alginate (HVA 
or LVA) followed by step E. The error bars for the corresponding figure denote the standard error 
of the instrument (5%). 
2.3.4 Viscosity of Alginate  
The procedure in Section 2.3.1.1 was repeated with fixed amounts of metal salt solution 
(30 ppm alum, 15 ppm iron (II) and (III) chloride) added to the kaolinite suspension in step B. For 
step C, chitosan (MMWC or LMWC) solutions (dissolved in 1% HCl solution) at a concentration 
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of 2.5 ppm were added. Various concentrations (2.5 – 10 ppm) of alginate at varying viscosities 
(HVA or LVA) were then added in step D, followed by step E. The error bars for the corresponding 
figure denote the standard error of the instrument (5%). 
2.3.5 Order of Polymer Addition  
Using scheme 2.1 as a reference, the procedure in Section 2.3.1.1 was repeated with fixed 
amounts of metal salt solution (30 ppm alum, 15 ppm iron (II) and (III) chloride) added to the 
kaolinite suspensions in step B. Step C involved 2.5 ppm MMWC solution (dissolved in 1% HCl), 
step D, 10 ppm HVA, and finally step E.  
The process was repeated; however, HVA (10 ppm) was added directly after stirring of 
metal salt was completed and stirred for 10 min. at 50 rpm. MMWC (2.5 ppm) was added after 
stirring of HVA was finished and it was stirred for 10 min. at 50 rpm. When the stirring had been 
completed, the suspension was allowed to settle for 30 min., with 3 mL aliquots removed initially 
and subsequently at 5 min. intervals after for transmittance to be measured using the 
spectrophotometer at λ = 800 nm. 
The process was repeated a third time with MMWC (2.5 ppm) and HVA (10 ppm) pre-
mixed then added directly after stirring of metal salt was completed. They were stirred for 10 min. 
at 50 rpm. When the stirring had been completed, the suspension was allowed to settle for 30 min., 
with 3 mL aliquots removed initially and subsequently at 5 min. intervals after for transmittance 
to be measured using the spectrophotometer at λ = 800 nm. 
2.3.6 Mechanical Aspects of Jar Test Studies  
 
The procedure in Section 2.3.1.1 was repeated with fixed amounts of metal salt solutions 
(30 ppm alum, 15 ppm iron (II) and (III) chloride) added to the kaolinite suspensions in step B. 
Immediately after this, MMWC solution (dissolved in 1% HCl solution) at a concentration of 2.5 
ppm was added and stirred for 10 minutes at 50 rpm (step C). HVA was then added at a 
concentration of 10 ppm and stirred for a further 10 min. at 50 rpm (Step D, total slow mixing 20 
min.). When the stirring had been completed, the suspension was allowed to settle for 30 min., 
with 3 mL aliquots removed initially and subsequently at 5 min. intervals after for transmittance 
to be measured using the spectrophotometer at λ = 800 nm (Step E). 
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The process was repeated with the metal salt solution being stirred at 295 rpm for 1 min. 
(fast mixing) and MMWC stirred at 50 rpm for 10 min. and HVA was added after this and stirred 
at 50 rpm for 5 min. (total slow mixing 15 min.). 
A final repetition was done with the metal salt solution being stirred at 295 rpm for 5 min. 
(fast mixing) and MMWC stirred at 50 rpm for 10 min. and HVA added after this and stirred at 50 
rpm for 15 min. (total slow mixing 25 min.). 
 
The procedure in Section 2.3.1.1 was repeated with fixed amounts of metal salt solutions 
(30 ppm alum, 15 ppm iron (II) and (III) chloride) added to the kaolinite suspensions at step B. 
Immediately after this, MMWC solution (dissolved in 1% HCl solution) at a concentration of 2.5 
ppm was added and stirred for 10 minutes at 50 rpm (step C). HVA was then added at a 
concentration of 10 ppm and stirred for a further 10 min. at 50 rpm (Step D, total slow mixing 20 
min.). When the stirring had been completed, the suspension was allowed to settle for 30 min., 
with 3 mL aliquots removed initially and subsequently at 5 min. intervals after for transmittance 
to be measured using the spectrophotometer at λ = 800 nm (Step E). 
The process was repeated with the metal salt solution being stirred for at 150 rpm for 3 
min. (fast mixing) and MMWC stirred at 50 rpm for 10 min. and HVA was added after this and 
stirred at 50 rpm for 10 min. (total slow mixing 20 min.). 
A final repetition was done with the metal salt solution being stirred at 295 rpm for 3 min. 
(fast mixing) and MMWC stirred at 25 rpm for 10 min. and HVA added after this and stirred at 50 
rpm for 10 min. (total slow mixing 20 min.). 
2.4 Coagulation-Flocculation Studies with Roxarsone Solution 
2.4.1 Preparation of Phosphate buffer 
A 500 mL 0.1 M phosphate buffer was prepared by combining 307.5 mL 0.1 M K2HPO4 
and 192.5 mL 0.1 M KH2PO4 solutions in a beaker and mixing together. Both solutions were 
prepared in Millipore water.    
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2.4.2 Roxarsone System at ambient pH 
With reference to Scheme 2.2, the six jars of a six-gang Phipps & Bird jar test apparatus 
were each filled with 1 L of variable concentrations (30 – 50 ppm) of roxarsone solution (in 
Millipore water) and stirred for 1 min. at 50 rpm to ensure uniform distribution (Step A). The pH 
of roxarsone was then measured and recorded as ~3.5. Just after solution was mixed, 15 ppm of 
iron (III) was added to all of the jars and stirred for 3 min. at 295 rpm (Step B, fast mixing). 
Immediately after this, all jars were mixed for 10 min. at 25 rpm. However, jars 1 – 4 only 
contained the salts previously administered, while MMWC solution (dissolved in 1% HCl 
solution) at a concentration of 2.5 ppm was added to jars 5 and 6 (Step C). After this mixing period, 
HVA was then added at a concentration of 10 ppm to jars 3 – 6 and all six jars were stirred for a 
further 10 min. at 25 rpm (Step D, total slow mixing 20 min.). When the stirring had been 
completed, the contents of the jars were allowed to settle for 30 min., with 8 mL aliquots being 
removed initially and after settling and diluted to 25 mL with Millipore water. From this diluted 
sample, 1.5 mL was taken and added to 1.5 mL 0.1 M phosphate buffer pH 7 and analyzed using 
a UV-Vis spectrophotometer at λ = 244 nm (Step E). Table 2.1 gives an overview of the contents 
of the various jars used in the experiment (jars labelled 1 to 6). 
  
Scheme 2.2: Illustrated scheme for the roxarsone removal procedure 
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Table 2.1: Overview of the contents of the jars for each separate coagulant-flocculant system 
Jar System Replicate Salt 
added 
Chitosan 
added 
Alginate 
added 
1 Metal ion only 1 ✓   
2 2 ✓   
3 Metal 
ion/Alginate 
1 ✓  ✓ 
4 2 ✓  ✓ 
5 Metal 
ion/Chitosan-
Alginate 
1 ✓ ✓ ✓ 
6 2 ✓ ✓ ✓ 
 
2.4.3 Kaolinite Suspended Solids with Roxarsone System at ambient pH 
The procedure in Section 2.4.2 was repeated with the addition of 400 ppm kaolinite 
suspensions added to the roxarsone in step A.  
2.4.4 Roxarsone System pH 7 
The procedure in Section 2.4.2 with the adjustment of the pH of roxarsone adjusted to pH 
7 using HCl and NaOH solutions.  
2.4.5 Kaolinite Suspended Solids with Roxarsone System pH 7  
The procedure in Section 2.4.2 was repeated with the addition of 400 ppm kaolinite 
suspensions added to the roxarsone, and the pH of roxarsone/kaolinite mixture adjusted to pH 7 
using HCl and NaOH solutions in step A.  
2.5 Coagulation-Flocculation Studies with Arsenate (V) Solution  
2.5.1 Preparation of Molybdate Color Reagent 
Solutions of L-ascorbic acid (613 mM), ammonium molybdate (24 mM), antimony 
potassium tartrate (8 mM) and H2SO4 (2.5 M) were prepared in Millipore water. The solutions 
were combined in the previous order and a mixing ratio of 2:2:1:5, taking special care to add the 
H2SO4 immediately after the antimony potassium tartrate to avoid the solution turning turbid. The 
reagent was a yellow, transparent solution and is stable for up to 6 h.    
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2.5.2 Arsenate System at ambient pH 
With reference to Scheme 2.3, the jars of a six-gang Phipps & Bird jar test apparatus were 
each filled with 1 L of 30 ppm arsenate solution (in Millipore water) and stirred for 1 min. at 50 
rpm to ensure uniform distribution (Step A). The pH of arsenate was then measured and recorded 
as ~6.5. Just after the solution was mixed, 15 ppm iron (III) was added to all of the jars and stirred 
for 3 min. at 295 rpm (Step B, fast mixing). Immediately after this, all jars were mixed for 10 min. 
at 25 rpm. However, jars 1 – 4 only contained the salts previously administered, while the MMWC 
solution (dissolved in 1% HCl solution) at a concentration of 2.5 ppm was added to jars 5 and 6 
(Step C). After this mixing period, HVA was then added at a concentration of 10 ppm to jars 3 – 
6 and all six jars were stirred for a further 10 min. at 25 rpm (Step D, total slow mixing 20 min.). 
When the stirring was complete, the contents of the jars were allowed to settle for 30 min., with 3 
mL aliquots being removed initially and after settling. These aliquots were placed into 4 dram vials 
and 0.5 mL of color reagent was added. The vials were left undisturbed for 15 min. to ensure 
adequate color development and were analyzed using a UV-Vis spectrophotometer at λ = 900 nm 
(Step E). 
2.5.3 Kaolinite Suspended Solids with Arsenate System at ambient pH 
The procedure in Section 2.5.2 was repeated with the addition of 400 ppm kaolinite to the 
30 ppm arsenate (V). Analysis was done using the UV-vis spectrophotometer at λ = 900 nm. 
Scheme 2.3: Illustrated procedure for arsenate (V) removal 
38 
 
2.5.4 Arsenate Solution pH 3 
The procedure in Section 2.5.2 was repeated; however, the pH of arsenate was adjusted to 
pH 3 using HCl and NaOH before the addition of the iron (III) solution. The UV-vis 
spectrophotometer was used to do analysis at λ = 900 nm. 
2.5.5 Kaolinite Suspended Solids with Arsenate System pH 3 
 The procedure in Section 2.5.2 was repeated with the following changes: 400 ppm of 
kaolinite suspension was added to the 30 ppm solution of arsenate (V) and the pH of the arsenate 
(V)/kaolinite mixture was adjusted to pH 3 using HCl and NaOH before the addition of the iron 
(III) solution. 
2.6 One-Pot Kinetic Studies  
 
Figure 2.1: Illustration of the experimental setup for the One-pot method, where A is the filter 
barrier, B is the coagulant-flocculant system of interest, C is the Teflon stir bar, and D is the stir 
plate with temperature control. 
2.6.1 Roxarsone Removal  
 
An 800 mL beaker was filled with 500 mL of 30 ppm roxarsone solution (in Millipore 
water) and placed on a magnetic stir plate (D) with a stir bar (C). A Whatman no. 40 filter paper 
was folded into a cone (A) and attached to the beaker (B) as shown in Fig. 2.1. The cone was 
allowed to fill up with solution and stirring was carried out at approx. 25 rpm. An initial 3 mL 
aliquot was taken from within the cone and placed into a 1 dram vial. Sampling within the cone 
began at time (t) = 0, when the first coagulant or flocculant was added and continued for 10 min. 
at 1 min. intervals, for a further 10 min. at 2 min. intervals and finally for 40 min. at 5 min. 
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intervals. At this point, stirring was stopped (t = 60 min.) and sampling continued for a further 55 
min. at 5 min. intervals. All 3 mL aliquots were placed into 1 dram vials and centrifuged. After 
centrifugation, 1.5 mL aliquots were removed and placed into plastic cuvettes with 1.5 mL of 0.1 
M phosphate buffer at pH 7. They were then analyzed using a UV-Vis spectrophotometer. Table 
2.2 details the coagulants and flocculants used in the various experiments. 
 
Table 2.2: Coagulant/flocculant systems used in one-pot experiments 
System Iron (III) 
added 
Chitosan added Alginate added Time of addition 
1 ✓   0 min. 
2  ✓  0 min. 
3   ✓ 0 min. 
4 ✓ ✓  Fe (III) 0 min.; 
Chit. 3 min. 
5 ✓  ✓ Fe (III) 0 min.; 
Alg. 4 min. 
6 ✓ ✓ ✓ Fe (III) 0 min.; 
Chit. 3 min.; Alg. 
4 min. 
      
 
The procedure in Section 2.6.1.1 was repeated with the following change: 400 ppm of 
kaolinite suspension was added to the 30 ppm roxarsone solution before coagulants/flocculants 
were added. The table (Table 2.2) above details the coagulants and flocculants used in the various 
experiments. 
 
A circulating bath system was used to maintain a constant temperature of the roxarsone 
throughout the experiment. 250 mL of 30 ppm roxarsone solution (in Millipore water) was poured 
into the liquid-jacket glass vessel attached to the circulating bath and placed on a magnetic stir 
plate with a stir bar. The bath was turned on and the solution heated to the desired temperature (30 
or 40 ºC). A Whatman no. 40 filter paper was folded into a cone (A) and attached to the side of the 
vessel (B), in a similar manner to Figure 2.1. The cone was allowed to fill up with solution and 
stirring was carried out at approx. 25 rpm. An initial 0.5 mL aliquot was taken from within the 
cone and placed into a 1 dram vial. Sampling within the cone began at time (t) = 0, when the first 
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coagulant or flocculant was added and continued for 10 min. at 1 min. intervals, then for a further 
10 min. at 2 min. intervals and finally for 40 min. at 5 min. intervals. At this point, stirring was 
stopped (t = 60 min.) and sampling continued for a further 55 min. at 5 min. intervals. All 0.5 mL 
aliquots were placed into 1 dram vials and at the end of the sampling, 2.5 mL of 0.1 M phosphate 
buffer pH 7 was added and the samples were analyzed using a UV-Vis spectrophotometer. The 
table (Table 2.3) below details the coagulants and flocculants used in the various experiments. 
Table 2.3: Types of coagulant and flocculant systems used for temperature studies 
System Iron (III) added Chitosan added Alginate added 
1 ✓   
2 ✓ ✓ ✓ 
 
 
The procedure in Section 2.6.1.3 was repeated with the following change: 400 ppm of 
kaolinite suspension was added to the 30 ppm roxarsone solution before coagulants/flocculants 
were added. The table (Table 2.3) above details the coagulants and flocculants used in the various 
experiments. 
2.6.2 Arsenate (V) Removal 
 
The procedure in Section 2.6.1.1 was repeated with the following change: 500 mL of 30 
ppm arsenate (V) solution was poured into the beaker with the stir bar. Table 2.2 details the 
coagulants and flocculants used in the various experiments. 
 
The procedure in Section 2.6.1.2 was repeated with the following changes: 500 mL of 30 
ppm arsenate (V) solution was poured into the beaker with the stir bar and 400 ppm of kaolinite 
suspension was added to the arsenate (V) solution before coagulants/flocculants were added. The 
table (Table 2.2) above details the coagulants and flocculants used in the various experiments. 
 
The procedure in Section 2.6.1.3 was repeated with the following changes: 250 mL of 30 
ppm of arsenate (V) solution was poured into the beaker with the stir bar. The table above (Table 
2.3) details the coagulants and flocculants used in the various experiments. 
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The procedure in Section 2.6.1.4 was repeated with the following changes: 250 mL of 30 
ppm arsenate (V) solution was poured into the beaker with the stir bar and 400 ppm of kaolinite 
suspension was added to the arsenate (V) solution before coagulants/flocculants were added. The 
table above (Table 2.3) details the coagulants and flocculants used in the various experiments. 
 
Jar test studies on roxarsone and arsenate (V) were done in replicates of two (2) and error 
bars were reported as the standard deviations of the replicates.    
2.6.3 Kinetic Studies Evaluation: Equations and “Best fit” criteria 
 Kinetic studies were conducted using the “one-pot” setup at ambient pH and variable 
temperature (20, 30 and 40 °C). This one-pot method was adapted from previous studies reported 
elsewhere59,61 for studies focused on adsorption-based processes. The study undertaken herein is 
the first to study coagulation-flocculation rather than adsorption using an in-situ sampling setup. 
This is an important difference since there is not always a clearly defined solid phase but rather a 
colloidal phase in the case of kaolinite addition, formation of iron hydroxides and, in some cases, 
microflocs. The choice of barrier material can be adjusted to the system being studied. Dialysis 
membranes, with pore sizes of <0.1 µm,103 can be used for smaller particles and filter paper can 
be used for larger particles. For instance, Whatman no. 40 filter paper has a pore size of 8 µm.104 
   The solution phase containing the arsenic species was measured by continuous in-situ 
sampling of fixed volumes at variable time intervals during the coagulation/flocculation and 
settling process. The use of a semi-permeable barrier offers the advantage of retarding the process, 
which was found to have very rapid floc formation. The barrier material results in separation of 
the formed flocs from the sampling site, which measures the bulk phase (not flocculated) solution 
containing arsenic. Sampling was done as described previously.  
The kinetic studies conducted using the one-pot method examined the effect of the various 
coagulant/flocculant combinations of the iron (III)-chitosan/alginate system on the removal of 
roxarsone. This was shown in plots expressed by the amount of roxarsone “adsorbed” per mass of 
iron (III), represented by Qt, vs. time. Qt (mg/g) was determined by equation 2-1, where Co and Ct 
are the concentrations in mg/L of arsenic initially and at time, t. The V is the volume (in L) of 
solution of arsenic and m is the mass of the coagulant/flocculant used (in g). In the case of multiple 
coagulant/flocculants, the mass of iron (III) only was used since it is mainly responsible for the 
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removal of arsenic. The data was then fitted with either pseudo-first (PFO) or pseudo-second order 
(PSO)59 kinetic models expressed by equations (2-2) and (2-3), shown below: 
𝑄𝑡 =  
(𝐶𝑜− 𝐶𝑡)𝑉
𝑚
        (2-1) 
𝑄𝑡 =  𝑄𝑒(1 − 𝑒
−𝑘1𝑡)       (2-2) 
𝑄𝑡 =  
𝑄𝑒
2𝑘2𝑡
1+𝑘2𝑡𝑄𝑒
        (2-3) 
 The fitted plots determined two important constants, Qe and k1/k2. The former constant, Qe, was 
the amount of roxarsone “adsorbed” at pseudo-equilibrium and k1/k2 are the rate constants for the 
PFO and PSO models, respectively. The data was fit with both PFO and PSO models and the “best-
fit” criteria was determined by comparing the r-squared values (R2) and the reduced chi-square 
values (χ2), the latter of which is calculated using equation 2-4.  
𝜒2 =  Σ√
𝑄𝑒,𝑖−𝑄𝑐,𝑖
𝑁
        (2-4) 
The χ2 is the difference between the experimental (Qe,i) and calculated (Qc,i) uptake values, 
and N represents the number of experimental data points. 
2.6.4 Thermodynamic Studies 
From the kinetic studies performed and data plots of the PFO and PSO kinetic models, the 
rate constants k1 and k2 were obtained. The relationship between the rate constant and temperature 
can be determined by the Arrhenius equation.105 It is applicable to both gas and condensed phase  
systems. By using the Eyring equation105 (eqn. 2-5), the relationship between the reaction rate 
(through rate constant) and temperature can be determined for the coagulation-flocculation 
processes since it is used for mixed phase (heterogeneous) reactions. The thermodynamic 
parameters of the activated complex, ΔH‡ and ΔS‡, can be obtained along with molecular level 
information on reaction progress. These thermodynamic parameters give insight into the nature of 
transition state.      
𝑙𝑛 (
𝑘𝑖ℎ
𝑘𝐵𝑇
) =  −
Δ𝐻‡
𝑅
1
𝑇
+
∆𝑆‡
𝑅
       (2-5) 
In the above equation, ki is the rate constant according to the PFO and PSO models, kB is 
the Boltzmann constant (1.381 × 10-23 J/K), T is the temperature (K) and h is Planck’s constant 
(6.626 × 10-34J.s). Plots of 𝑙𝑛 (
𝑘𝑖ℎ
𝐾𝐵𝑇
) vs. 
1
𝑇
 will constructed and used to determine the relevant 
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thermodynamic parameters for the removal of roxarsone and arsenate (V) removal through the 
coagulation-flocculation process.   
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3. Chapter 3 RESULTS AND DISCUSSION: OPTIMIZATION 
COAGULATION-FLOCCULATION STUDIES USING KAOLINITE 
MODEL SUSPENSIONS USING JAR TEST STUDIES  
1.1 Dosage of Coagulant/Flocculant  
3.1.1 Dosage of Metal Salts  
Conventional systems used for coagulation-flocculation experiments usually consist of a 
metal salt such as iron (II) chloride (FeCl2), iron (III) chloride (FeCl3) or aluminum sulphate 
(Al2(SO4)3), which is commonly referred to as ‘alum’.28 To enhance the properties of such 
coagulants, and decrease their negative consequences, two biopolymers (chitosan and alginate) 
were chosen to complement the metal salts. Previous studies have shown that the use of polymers, 
whether natural or synthetic, lower dosage requirements overall and thus lower the material cost 
for the treatment process.43,76 The primary use of coagulation-flocculation is the removal of 
colloidal species, which do not settle due to charge repulsion between particles. This study focused 
on kaolinite clay as a model colloidal system to test the efficiency of colloid removal by lowering 
the turbidity of such suspended solids. 
Three types of metal salts were chosen for the studies that contain Fe(II) ions, Fe(III) ions 
and Al(III) ions. These metal cations possess a high positive charge density and were easily 
ionized. To investigate the effect of dosage and the type of salt used in the system, the dosage of 
medium MW chitosan (MMWC) and high viscosity alginate (HVA) biopolymers were fixed and 
the dosage of each salt was varied from 15 to 60 ppm in 15 ppm increments. The system was 
maintained at a pH of ~8.5 and the system was used to carry out Jar tests on 400 ppm kaolinite 
suspensions. The initial concentration of suspended solids was chosen from previous studies 
reported in the literature.50 A controlled study of the settling of kaolinite was conducted by carrying 
out the jar test procedure without coagulant or biopolymer flocculant. The kaolinite was allowed 
to settle on its own and this was used for comparison of settling with the metal salt-
chitosan/alginate system. 
Figure 3.1 shows the effect of alum dosage on turbidity removal. The optimum dosage was 
determined to be 30 ppm. It should first be noted that the addition of the metal ion/biopolymer 
system greatly enhanced the turbidity removal as evidenced by the 35 %T from the settling of 
kaolinite on its own. While the amount of chitosan was constant, the amount of positive charge 
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changed upon increasing the concentration of metal salt (alum). The results show that an increase 
in positive charge beyond a certain point causes the continued stabilization of the colloidal 
particles, as evidenced by less settling.  
Figure 3.2 shows the effect of Fe(II) dosage on the turbidity removal. The optimum dosage 
was evident at 15 ppm, the lowest dosage of four dosages studied. A minimal amount of Fe(II) was 
required since more Fe(II) ions would introduce an excess of positive charge, which leads to 
repulsion among the colloidal particles, thus resulting in stabilization. The higher dosages did not 
show a marked difference in terms of turbidity removal, implying that a 15 ppm dosage of Fe(II) 
along with a 2.5 ppm dosage of chitosan provides enough positive charge for neutralization of 400 
ppm of kaolinite.  
By comparing the type of metal salt coagulant, alum and Fe(II) showed better turbidity 
removal according to measurement of light transmittance (%T). Turbidity was assessed, where the 
%T value was in the range (90%) for alum and Fe(II), while Fe(III) was 55 %T, with a poorer 
performance. According to the shape of the %T vs. time plot (Fig. 3.3); kaolinite removal had not 
leveled out by the 30 min. mark when using Fe(III). This implies that slower kinetics occurred but 
not necessarily lower uptake of kaolinite. While Fe(III) has a similar charge density to alum (both 
of which are higher than that of Fe(II)), its solubility is lower than that of Fe(II). Based on studies 
performed by Baskan et al.30, the formation of insoluble iron hydroxides leads to the adsorption of 
particles onto the hydroxide mineral surface.30 Since the hydroxides are formed at a slower rate 
for Fe(III) then it would take longer to remove the kaolinite particles. The rate of formation of iron 
(III) hydroxides is faster than that of iron (II) hydroxides. Therefore, since the metal hydroxides 
are insoluble, there is less unbound Fe(III) available for charge neutralization for reduction of 
charge and colloidal destabilization. 
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Figure 3.1: Effect of dosage of alum on kaolinite removal (400 ppm) [10 ppm MMWC, 10 ppm 
HVA] 
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Figure 3.2: Effect of dosage of Fe (II) on kaolinite removal (400 ppm) [10 ppm MMWC, 10 
ppm HVA] 
The same dosage was proven to be optimal for Fe(III) (see Figure 3.3). This dosage was 
not well defined as that of Fe(II) since the plots showed an upward slope for most dosages rather 
than a plateau, which may have indicated completion of settling. A comparison of slopes revealed 
that there was a plateau for the 60 ppm dosage; however, there was no plateau for the other dosages. 
A dosage of 15 ppm showed the highest %T at the end of settling time, where its settling rate 
showed a sharper increase while those for 30 and 45 ppm were about to level off at a lower final 
turbidity level. Overall it can be inferred that the lower dosage of Fe(III) was slower to action, but 
provided in improved reduction in charge repulsion. It is possible that the formation of solid Fe 
(III) hydroxide particles reached a critical point (around 20 minutes) where they aggregated to 
form larger particles, which provided the best surface for adsorption of the kaolinite particles.   
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Figure 3.3: Effect of dosage of Fe (III) on kaolinite removal (400 ppm) [10 ppm MMWC, 10 
ppm HVA] 
3.1.2 Dosage of Chitosan  
The amount of chitosan (MMWC and LMWC) was varied from 2.5 to 10 ppm while 
alginate (HVA and LVA) was kept at 10 ppm and the optimum dosage of metal salts (Section 
3.1.1) for removal of kaolinite turbidity was used here (Fig. 3.4, 3.5, 3.6).  In general, the results 
showed that the system worked better at lower dosages (2.5 and 5 ppm) rather than the higher 
dosages (7.5 and 10 ppm). This can be attributed to an increase in positive charges from the higher 
amounts of chitosan that destabilize the colloid by first neutralizing the negatively charged colloid 
then re-stabilizing the colloid by providing an excess of positive charge.  
It is of great importance to note that this was not always the observed trend because in 
some instances chitosan at 7.5 ppm worked quite effectively. However, in all instances 10 ppm 
chitosan tended to correspond to the lowest %T, indicating that the colloid was re-stabilized. The 
dosages were varied with each combination of chitosan MW to alginate viscosity. MMWC was 
combined with LVA and HVA separately. In each instance the dosage was varied and the test was 
repeated for LMWC. Since chitosan is a linear polymer, the lower the MW, the shorter the chain 
with fewer amino groups per chain length. This means that LMWC compared to MMWC is 
expected to have a smaller number of positive charges per chain when dissolved in an acidic 
medium. For systems with LMWC, the 7.5 ppm dosage showed good flocculating ability because 
a higher concentration of chitosan was needed to provide enough positive charges for 
destabilization of the kaolinite. Cooperativity might also play a role in enhancing the attachment 
of the chitosan chains; the addition of one chitosan chain may alter surface charge on the kaolinite 
allowing shorter chains to attach themselves to the clay surface. The adsorption of chitosan onto 
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the kaolinite surface causes cations to be displaced from the counterion layer. This leaves the 
surface more accessible for further polymer attachment, which may be due to steric and/or 
electronic effects. 
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Figure 3.4: Effect of dosage of MMWC on kaolinite removal (400 ppm) [30 ppm Alum, 10 ppm 
HVA] 
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Figure 3.5: Effect of dosage of MMWC on kaolinite removal (400 ppm) [15 ppm Fe (II), 10 
ppm HVA] 
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Figure 3.6: Effect of dosage of MMWC on kaolinite removal (400 ppm) [15 ppm Fe (III), 10 
ppm HVA] 
3.1.3 Dosage of Alginate  
The effect of alginate dosage was studied by using the optimal amounts of the salts obtained 
from previous experiments in Section 3.1.1 and using a constant 10 ppm dosage of chitosan. 
Alginate dosages were 2.5, 5.0, 7.5 and 10.0 ppm. As with the chitosan, the alginate dosage 
affected the flocculating ability of the system. Sodium alginate has many carboxyl groups, which 
allows it to be negatively charged in basic media by deprotonating those groups when pH lies 
above the pKa of the conjugate acid (alginic acid). In acidic conditions (pH < pKa), the carboxyl 
groups are protonated which lowers the number of negatively charged carboxylate groups.  The 
results showed that while the low dosages of alginate were quite effective, higher dosages were 
also favoured. High dosages of alginate did not stabilize the colloid like the chitosan. 
The trend identified was that a higher dosage of alginate was needed when the MMWC 
was used, implying that more negative charged chains were needed to neutralize the extra positive 
charges originating from the chitosan cation sites. The kaolinite suspension ranged between pH 8 
and 9, where this alkaline pH range contrasted with typical values (pH of 3 – 4) of alginate 
solutions. This system ultimately became acidic (pH 3 – 3.5) during flocculation. This may have 
been due to hydronium ions being released when the metal ions were taken up at the exchange 
sites,106 onto the edges and the basal (-OH) surfaces,107 onto kaolinite. The alginate may also cause 
release of protons when the alginate complexes with the metal ions, and perhaps the kaolinite as 
well. This would have meant that there were less negative charges on the alginate. A higher dosage 
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would have somewhat offset this effect and allow the formation of flocs that undergo settling. 
Results are shown in Fig. 3.7, 3.8 and 3.9. 
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Figure 3.7: Effect of HVA dosage on kaolinite removal (400 ppm) [30 ppm Alum, 10 ppm 
MMWC] 
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Figure 3.8: Effect of HVA dosage on kaolinite removal (400 ppm) [15 ppm Fe (II), 10 ppm 
MMWC] 
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Figure 3.9: Effect of HVA dosage on kaolinite removal (400 ppm) [15 ppm Fe (III), 10 ppm 
MMWC] 
3.2 Effect of pH on Coagulation-Flocculation  
The pH of the kaolinite suspension was adjusted using HCl and NaOH to obtain suspensions 
with various pH (pH 3, 5, 7 and 9). Figure 3.10 shows that the initial pH of the kaolinite suspension 
did not affect the %T after flocculation was allowed to occur. To discuss this in further detail, consider 
the kaolinite suspension. Kaolinite consists of aluminates and silicates with Al-OH and Si-OH 
functional groups. These mineral oxides are arranged in layers with slightly different composition on 
the edges compared to the faces of the clay particles. These groups impart negative charges on the 
kaolinite in basic media and protonated groups in acidic media. Due to the negative charges on the 
alumina sites, kaolinite acts as a cation exchanger.  So, the overall charge environment in the kaolinite 
changes based on the pH. The unadjusted pH of kaolinite is pH 8 – 9, implying that there are many 
negative charges present on the surface of the kaolinite (deprotonated hydroxyl groups). Additionally, 
metal ions like Na+ and K+ found within the kaolinite are exchanged with H+ ions from the water 
molecules, leaving -O- surface sites free, which lead to the higher pH value. These stabilize the colloid. 
The salts and polymers all contribute to the final pH of the flocculated system and since these are all 
acidic (chitosan is generally only soluble in acidic aqueous solution or ionic solvent media). Because 
the chitosan is dissolved in HCl, the free protons from the HCl solution would help to lower the pH of 
the system. The protons from the coagulant and flocculants seem to undergo some sort of cation 
exchange with the kaolinite that causes a drop in the pH to around pH 3. At this pH,  chitosan remains 
dissolved and positively charged, which aids in charge neutralization of the colloid.108 The alginate 
likely has most of its carboxyl groups protonated, which aids in keeping the amount of negative charges 
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down, so as not to help re-stabilize the colloid. At a basic pH, the Al3+, Fe2+ and Fe3+ would begin to 
form hydroxides, which are insoluble and precipitate out leaving fewer ions in solution to aid in charge 
neutralization. At lower pH values (below pH 7), there are more metal cations (Al3+, Fe2+, Fe3+) than 
solid (hydr)oxides109,110 present in water. These ions would form flocs of kaolinite by the charge 
neutralization mechanism; that is, the positive ions would cause the electrical double layer to become 
compressed.   
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Figure 3.10: Effect of pH on kaolinite removal (400 ppm) [30ppm Alum, 15 ppm Fe (II), 15 
ppm Fe (III), 2.5 ppm MMWC, 10 ppm 
3.3 Molecular Weight of Chitosan 
As mentioned previously, the MW of the chitosan affects the flocculating ability of the 
system. From the data obtained the following chart was constructed to highlight the effect of MW 
of chitosan for the removal of turbidity in the suspension. Figure 3.11 below shows that the effect 
of MW on flocculating varies based on the salt used as a coagulant. First of all, the results on the 
far-left show that changing the molecular weight of chitosan when alum is used as the coagulant 
did not significantly affect the %T. The results in the middle show that when Fe(II) is used as the 
coagulant, changing the MW of the chitosan had a more significant impact on the removal of 
turbidity. The effect of Al3+ when compared to Fe2+ has a smaller positive charge density (smaller 
radius and less charge) so when the LMWC is replaced by the MMWC, the relative decrease in 
positive charge was inadequate to fully destabilize the colloid. 
Overall the %T decreased but the level was the same for the LMWC/LVA and 
MMWC/HVA combinations. The largest decrease observed was for the LMWC/HVA combination, 
followed by the MMWC/HVA polymer duo. This contrasting mixture of what are essentially 
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differing polymer lengths was not favorable. Perhaps in the case of LMWC, any loops and tails 
that may have formed were short and the polymer chains of the HVA would attach and have excess 
chain remaining, which may become entangled with itself and less able to bridge other flocs. In 
the second lowered combination, the alginate used was a LVA. The longer chitosan chain could 
electrostatically attach to the short alginate chain, thereby leaving less carboxyl groups free for 
bridging. Then finally, the results to the far right in Fig. 3.11 are similar to those of the alum, which 
could mean that Fe3+ has enough positive charge to fully destabilize the system and allow 
flocculation to occur. Both Al3+ and Fe3+ may be bridging points for the kaolinite and alginate by 
attaching to the clay and has binding sites free for the alginate, similar to chelate effects where the 
alginate functions similar to a podand.28 
 
Figure 3.11: Effect of molecular weight of chitosan on kaolinite removal (400 ppm) using jar test 
studies (LVA – low viscosity alginate, HVA – high viscosity alginate, LMWC – low molecular 
weight chitosan, MMWC – medium molecular weight chitosan) – Error bars are 5% error of 
instrument 
3.4 Viscosity of Alginate  
The viscosity of alginate was chosen to indirectly study the effect of MW of alginate on 
flocculation.  The longer the alginate chain is, the greater its viscosity and vice versa. This would 
imply that the LVA has shorter chains; therefore, it should have less negative charges per chain 
compared to a longer chain because it has fewer units. Formation of macroflocs (visible to the eye) 
on addition of alginate shows that it acts as a bridge between the microflocs (not visible). Since 
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the alginate is negatively charged (pKa ~3.5)65 it probably binds to the positive cation species 
and/or the chitosan protonated sites to bridge the flocs. The figure (Fig. 3.12) below shows the 
variation of %T when the alginate viscosity was changed at a constant dosage of 2.5 ppm alginate. 
Looking at the three different salts, it is seen that viscosity affects each salt differently and also, 
the lower amount of alginate present significantly affected the results when compared to the 
previous figure (Fig. 3.11), where alginate was 10 ppm. This shows that it is better to have more 
alginate present than less. For alum on the far left, the results show that the HVA was the better 
choice for flocculant compared to the LVA. The shorter alginate chain (low viscosity) might simply 
have not bridged the microflocs as well the longer chain (high viscosity). For Fe(II), the MMWC 
did not perform well with either LVA or HVA. This might be due to too much positive charge from 
the chitosan stabilizing the colloid, or the long chain of chitosan might have become entangled 
with itself leaving fewer binding sites for the alginate. The LMWC would have less positive 
charge, which would not be enough to cause stabilization of the colloid through positive charge 
repulsion.  The shorter chains of the LMWC would not be long enough to become much entangled, 
thereby allowing more binding sites (its protonated amine groups) to be exposed. The HVA 
outperformed the LVA, which might be due to greater bridging ability due to the longer chain. At 
2.5 ppm of alginate, there may have been less entanglement with the long alginate chains amongst 
themselves. 
Finally, iron (III) ion results on the far right all showed lower %T compared to alum and 
some iron (II). Since Fe3+ has a higher positive charge density than Fe2+ then it is likely that this 
caused the colloid to be stabilized instead of destabilized even for the use of LMWC. 
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Figure 3.12: Effect of viscosity of alginate on kaolinite removal (400 ppm) using jar test studies 
– Error bars are 5% error of instrument 
3.5 Sequence of Polymer Addition  
The system used for coagulation-flocculation was unique in that it used two polymers along 
with the coagulant metal salt. Because of this, it was important to study the effects, if any, 
according to the order of polymer addition on the flocculation process. The order chosen firstly 
involved the addition of chitosan at 0 minutes with slow mixing, followed by alginate at 10 minutes 
thereafter. This was then compared to adding the alginate at 0 minutes, followed by chitosan at 10 
minutes slow mixing. Then both polymers were added at 10 minutes into the slow mixing stage. 
Finally, the alginate and chitosan were pre-mixed separately (forming a PEC) when 5 minutes of 
slow mixing stage had elapsed. This pre-mixed polymer combination was added 10 minutes into 
the slow mix stage. The results of these experiments are shown in Figure 3.13. What can be inferred 
from the chart is that addition of the polymers separately into the jar, whether it was 10 minutes 
apart or 0 minutes apart, works better than adding the pre-mixed polymers. From the observed 
results, the pre-mixed polymers formed a gel and this prevented the polymers from fully self-
assembling into the optimal configurations for flocculation. The gel was insoluble in the aqueous 
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part of the suspension; that is, the polymers were unavailable for charge neutralization and bridging 
of the clay particles because they were interacting with each other to form a stable complex. 
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Figure 3.13: Effect of order of addition of biopolymers on kaolinite removal (400 ppm). PM 
represents pre-mixed chitosan and alginate, A0 represents alginate added at 0 minutes slow mix 
and A10 represents alginate added at 10 minutes slow mix 
3.6 Mechanical Aspects of Jar Test Studies  
3.6.1 Effect of Stirring Time  
The coagulation-flocculation process is used in many water treatment operations since it is 
a simple, straightforward process which does not require complex machinery and also, because it 
requires fewer chemicals. It works quite well once it is optimized for the specific system requiring 
treatment.28,33  
The Jar test experiment is used to optimize the coagulation-flocculation process because it 
allows for the testing of the coagulant-flocculant system but on a relatively small scale, which is 
very cost effective and works quite well. One of the parameters important to the coagulation-
flocculation process is the amount of time that mixing occurs between the system to be treated and 
the coagulants and/or flocculants. This is usually done in two stages: fast (flash) mixing and slow 
mixing. The first stage is usually when the coagulant (such as alum) is added and is rapidly 
incorporated into the treated system in a short span of time. The second stage requires a slower 
speed for mixing for the formation and maintenance of microflocs. The second stage requires a 
longer time to allow for larger flocs to develop since the larger flocs settle faster and are more 
stable.33 
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For this experiment, three different sets of mixing times were chosen to be investigated. 
The figure (Fig. 3.14) below shows how the variation of fast and slow mixing times affected the 
alum-polymer system during the Jar test. It is observed that there was no significant difference 
among the results. For fast mixing, a time of 1, 3 and 5 minutes was chosen to be studied and for 
slow mixing, 15, 20 and 25 minutes. The results indicate that adequate flash mixing occurred at 
time intervals as low as 1 minute and ample microfloc formation occurred in as little as 15 minutes 
for the kaolinite suspension. This is inferred because the results were similar after increasing both 
times. 
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Figure 3.14: Effect of mixing time on kaolinite removal (400 ppm) [30 ppm Alum, 2.5 ppm 
MMWC, 10 ppm HVA] 
3.6.2 Effect of Stirring Speed  
Two speeds were investigated for flash mixing: 295 rpm and 150 rpm; two speeds were 
also investigated for slow mixing: 50 rpm and 25 rpm. From Figure 3.15 there was good settling 
at all speed combinations, implying that the alum had been properly incorporated into the colloid 
and that the polymers (added in the second stage) were allowed enough time to form microflocs 
and macroflocs. The speed was not too fast or the floc would have broken apart.  It should be noted 
however that when the speed of stage two was decreased to 25 rpm from 50 rpm, there was a 
decrease in the amount of time required to reach a leveling off point in the settling process. From 
such observations, the flocs produced were bigger hence settling occurred faster. 
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Figure 3.15: Effect of mixing speed on kaolinite removal (400 ppm) [30 ppm Alum, 2.5 ppm 
MMWC, 10 ppm HVA] 
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4. Chapter 4 RESULTS AND DISCUSSION: COAGULATION 
FLOCCULATION STUDIES FOR ARSENIC REMOVAL USING JAR TEST 
STUDIES  
4.1 Roxarsone Removal 
Roxarsone concentration was measured using the Beer-Lambert Law, where a calibration 
curve (Figure 4.2) was constructed for the determination of the concentration of roxarsone. 
Measurements were taken at the absorption maximum (λmax) of 244 nm, as shown in Figure 4.1 
below. Roxarsone exists as the neutral species and also as the mono-, di- and trivalent anion species 
in water based on the pH. In order to maintain a uniform species distribution when measuring, a 
0.1 M phosphate buffer was employed to analyze the solution at pH 7.   
 
Figure 4.1: Absorbance spectrum for roxarsone in phosphate buffer (pH 7) 
 
Figure 4.2: Calibration curve for roxarsone in phosphate buffer (pH 7)  
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4.1.1 Roxarsone Removal at ambient pH 
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Figure 4.3: Roxarsone removal at various initial concentrations [15 ppm Fe (III), 2.5 ppm 
MMWC, 10 ppm HVA] 
The removal of roxarsone was determined at three different initial concentrations of 
roxarsone solution and different combinations of coagulant/flocculant. Through preliminary 
studies, it was determined that the system containing Fe(III) ions showed the most promising 
roxarsone removal results. The Fe(III)-MMWC/HVA system was under study; however, through 
visual observation of kaolinite coagulation-flocculation, it was shown that macrofloc formation 
did not occur until the addition of alginate. For this reason, a simpler dual Fe(III)-alginate system 
was also investigated. It is well documented in the literature that iron compounds effect significant 
arsenic removal, so the Fe(III) was studied on its own to determine how much of the removal was 
due to Fe(III) alone.  
The results in Figure 4.3 above show that Fe(III) alone was the cause of the removal of 
roxarsone and that as the initial amounts of roxarsone increased, the percentage of the species 
being removed decreased. Fe(III) ions are believed to remove arsenic species by formation of 
insoluble iron hydroxides, to which arsenic can adsorb onto and aggregate into larger molecules 
with greater settling ability. Alternatively, the arsenic may be enveloped within the forming iron 
hydroxide precipitates and be removed from solution. It is possible that both mechanisms occur 
simultaneously as well. An increase in roxarsone caused a decrease removal, likely due to a lesser 
number of surface sites for adsorption on to Fe(III) hydroxides as more roxarsone was introduced 
into the system. The addition of HVA and MMWC showed no enhancement in the removal of 
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roxarsone. This was evident from the almost identical results for both Fe(III) only and Fe(III)-
alginate systems. The addition of MMWC caused an overall lowering of roxarsone removal. It is 
possible that the MMWC and HVA formed a PEC that enveloped some of the Fe(III) ions, causing 
less to be available for roxarsone removal. The pH is very important to coagulation-flocculation 
because it affects the structures of most of the species involved. The pH was steady throughout the 
experiment at ~3.5; this meant that both HVA and MMWC were charged, allowing for PEC 
formation to occur. Also, the formation of insoluble iron (III) hydroxides is somewhat limited at 
this pH.  
4.1.2 Kaolinite Suspended Solids with Roxarsone at ambient pH 
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Figure 4.4: Roxarsone removal with 400 ppm kaolinite at various initial concentrations [15 ppm 
Fe (III), 2.5 ppm MMWC, 10 ppm HVA] 
The addition of suspended solids in the form of kaolinite alters the removal of roxarsone 
(Fig. 4.4). Overall, Fe(III) shows the greatest roxarsone removal ability; however, this ability was 
lowered at all initial concentrations of roxarsone by about 10% for 30 ppm roxarsone, indicates 
that kaolinite (with a negative zeta potential) is also negatively charged and may compete to a 
certain extent for sites on Fe(III) hydroxides. It is possible that kaolinite particles might have also 
hindered nucleation of Fe(III) into solid particles by allowing less contact between the particles. 
Arsenic removal was less affected at higher concentration since the active adsorption sites were 
already filled at the lower concentration. The addition of HVA and MMWC worked in a similar 
manner when kaolinite was present as when it was absent at 40 and 50 ppm, perhaps due to Fe(III) 
being the principal species for arsenic removal.   
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4.1.3 Roxarsone Removal at pH 7 
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Figure 4.5: Roxarsone removal (30 ppm) at initial pH 7 [15 ppm Fe (III), 2.5 ppm MMWC, 10 
ppm HVA] 
 Roxarsone removal at pH 7 proved to be ineffective, with a maximum removal of 9% using 
Fe(III) only. Since most water systems tend to exhibit neutral pH, the model system was adjusted 
to pH 7 to determine its effectiveness at this pH environment (Fig. 4.5). It proved ineffectual likely 
because Fe (III) hydroxides did not form at this pH value. Also, HVA and MMWC were likely to 
have precipitated at pH 7, taking Fe(III) ions out of solution rather than roxarsone. At the low 
concentrations of biopolymers used, the amounts may be insufficient for precipitation of 
appreciable amounts of roxarsone.   
4.1.4 Kaolinite Suspended Solids with Roxarsone at pH 7 
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Figure 4.6: Roxarsone removal (30 ppm) with 400 ppm kaolinite at initial pH 7 [15 ppm Fe 
(III), 2.5 ppm MMWC, 10 ppm HVA] 
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At pH 7, with the presence of kaolinite, roxarsone removal increased slightly overall but the 
highest increase was up to 16% using Fe(III) only. Enhanced coagulation-flocculation with the 
addition of suspended solids may have been due to increased adsorption sites from kaolinite. 
Results are shown in Fig. 4.6. 
4.2 Arsenate (V) Removal 
Arsenate (V) solution is colorless, which does not allow for the direct measurement of 
inorganic arsenate species by UV-Vis spectrophotometry. To use the UV-Vis, the addition of a 
color developing reagent was employed involving molybdate. The arsenate (V) ions form a blue-
colored complex with the molybdate reagent and its λmax is 900 nm, which was determined using 
its spectrum (not shown). Concentration of As(V) was determined using the calibration curve in 
Fig. 4.7 by utilizing the Beer-Lambert Law.   
 
Figure 4.7: Calibration curve for arsenate (V) using molybdate color reagent 
4.2.1 Arsenate (V) at Ambient pH  
 The removal of As(V) using only Fe(III) proved to be about 10% less effective than that of 
roxarsone. However, using the Fe(III)-MMWC/HVA system, As(V) removal was the same as that of 
the highest roxarsone removal (%) achieved by Fe (III) addition only. The results, including the study 
using Fe (III)-alginate, indicates that the addition of two biopolymers caused enhanced removal of 
inorganic As(V). The pH of the As(V) system was initially ca. 6.5 but dropped to ca. 3.5 with 
subsequent addition of coagulant and flocculants. This pH drop would allow both MMWC and HVA 
to possess an ionic charged and to be able to form a PEC, to enable entrapment of the As(V). The 
singular use of alginate does not work adequately since it cannot form a PEC. Results are shown in 
Fig. 4.8. 
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Figure 4.8: Arsenate (V) removal (30 ppm) at initial pH ~6.5 [15 ppm Fe(III), 2.5 ppm MMWC, 
10 ppm HVA] 
The greater removal observed for roxarsone over inorganic As(V) could be due to the 
presence of its phenyl ring.  
4.2.2 Kaolinite Suspended Solids with Arsenate(V) at Ambient pH  
The addition of kaolinite to As(V) seems to have enhanced the removal when using only 
Fe(III) or combined with alginate (Fig. 4.9). All three systems had an equal amount of removal at 
40%. The kaolinite would have added to the amount of negative charges present in the suspension. 
It is possible that the suspended kaolinite particles may have provided more surfaces for nucleation 
to occur; hence, the Fe(III) particles could form the insoluble hydroxides in greater amounts. 
Kaolinite has a pH of ~8 when dispersed in Millipore water, and also a slight buffering effect. It 
may have kept the pH in the neutral region after addition of Fe(III) solution, which tends to lower 
pH to 3.5 – 4, thereby allowing for less dissolution of insoluble Fe(III) hydroxides and greater 
surface area for the adsorption of As(V) removal.  
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Figure 4.9: Arsenate (V) removal (30 ppm) with 400 ppm kaolinite at initial pH ~6.5 [15 ppm 
Fe(III), 2.5 ppm MMWC, 10 ppm HVA] 
4.2.3 Arsenate (V) at pH 3 
The removal of roxarsone was best achieved at ca. pH 3.5. Based on this reason, the effect 
of pH on As(V) removal was investigated at pH 3. Figure 4.10 shows that removal of As(V) was 
limited at this pH regardless of the coagulant/flocculant combination utilized. It is possible that 
the low pH caused the Fe(III) ions to remain soluble and not form insoluble hydroxides. This 
would have accounted for the low As(V) removal due to lack of surface sites for adsorption. 
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Figure 4.10: Arsenate (V) removal (30 ppm) at pH 3 [15 ppm Fe(III), 2.5 ppm MMWC, 10 ppm 
HVA] 
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4.2.4 Kaolinite Suspended Solids with Arsenate (V) at pH 3 
 Addition of kaolinite improved removal As(V), as shown in the previous study on As(V) 
removal at ambient pH. A removal of ~20% was determined, as compared to ~2% without 
kaolinite. The kaolinite would have provided solid particles, where the Fe(III) could nucleate onto 
and form hydroxides as proposed to adsorb the As(V). Since kaolinite suspension has a pH of ca. 
8, it may have also caused the overall pH to remain less acidic, allowing for precipitation of the 
hydroxides. Results are shown in Fig. 4.11. 
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Figure 4.11: Arsenate (V) removal (30 ppm) with 400 ppm kaolinite at pH 3 [15 ppm Fe(III), 
2.5 ppm MMWC, 10 ppm HVA] 
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5. Chapter 5 ONE-POT KINETIC STUDIES  
5.1 Roxarsone Studies  
5.1.1 Roxarsone Removal at Ambient Temperature  
The one pot system was used to study the removal of roxarsone using the various 
components of the Fe(III)-MMWC/HVA system, both together and individually. With 
multicomponent systems, it is ideal to investigate each component separately. The one pot study 
was ideal for this because it allowed for the observation of the in-situ change in roxarsone removal 
with time during the entire coagulation-flocculation process. The results shown in Figure 5.1 below 
indicate that the Fe(III) species was primarily responsible for roxarsone removal, since plots of 
each individual component shows the most significant roxarsone removal occurs with Fe(III) only. 
However, the plot shows an initial high uptake during stirring but after the system is allowed to 
settle (after 60 min.) there is a rapid decrease, which may have been due to weak binding between 
roxarsone and Fe(III).  
Both MMWC and HVA did not show significant removal (<5%). When Fe(III) was 
combined with each of the biopolymers, its effectiveness dropped with the addition of the alginate, 
but MMWC resulted in no apparent change. The combination of MMWC and HVA with Fe(III) 
caused a slight increase from Fe(III)-HVA. Both plots that contain Fe(III) and alginate showed a 
peak around the 5 minute mark; this implies that there was binding of roxarsone with Fe(III) 
initially but when alginate has been added 4 minutes after the roxarsone seems to have become 
unbound from the Fe(III). The alginate may have a higher affinity for the Fe(III) since it is also 
negatively charged, comparable to roxarsone. Sreeram et al.108 determined the binding constant 
for Fe(III)-alginate at acidic pH similar to those of this study (~3.5 – 4.0) as 5.04 × 104 M-1.15 With 
such a large binding constant, it shows that the deprotonated carboxyl groups on the alginate are 
strongly bound to Fe(III). This would account for the decrease in roxarsone binding as a result of 
the addition of alginate.  
The addition of MMWC seems to have a more positive effect when compared to the 
alginate. When combined with Fe(III), it had a stabilizing effect on uptake, if not an enhancing 
effect. When alginate was added to the system, it decreased the binding of alginate to Fe(III), 
allowing Fe(III) to bind with roxarsone. This was done by binding with alginate itself, since at 
acidic pH MMWC is also positively charged like Fe(III). Being a polymer, it would possess 
multiple positive charge sites, which has a greater chance of entangling itself with alginate.  
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Figure 5.1: Roxarsone removal (30 ppm) using one-pot studies [15 ppm Fe(III), 2.5 ppm MMWC, 
10 ppm HVA] 
5.1.2 Kaolinite Suspended Solids with Roxarsone at Ambient Temperature 
From Fig. 5.2, the addition of kaolinite enhanced uptake overall, where ca. 10% increase 
occurred, with the exception of the Fe(III)-MMWC/HVA. Again Fe(III) displayed the best 
coagulant properties, especially when compared to alginate and MMWC when used as the primary 
coagulant.  
The Fe(III)-biopolymer combination showed that MMWC displayed a stable plateau after 
the initial increase in roxarsone removal, while the alginate showed a maximum point (ca. 4 min.), 
followed by a drop in roxarsone removal at ca. 5 min. The maximum removal was lower with the 
kaolinite than without it.  
When both biopolymers were used, roxarsone removal decreased sharply after settling 
occurred. There is the characteristic maximum removal point for alginate but it is less pronounced 
in the presence of kaolinite. It is possible that the MMWC is not able to offset the negative effect 
of the alginate due to the introduction of excess negative charge upon addition of the kaolinite.       
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Figure 5.2: Roxarsone removal (30 ppm) with 400 ppm kaolinite using one-pot studies [15 ppm 
Fe(III), 2.5 ppm MMWC, 10 ppm HVA] 
5.2 Arsenate Removal Studies  
5.2.1 Arsenate(V) at Ambient Temperature  
The removal of As(V) showed a much more stable removal profile. The %removal vs. time 
(Fig. 5.3) plots for Fe(III) and Fe(III)-biopolymer combinations showed a sharp increase followed 
by a plateau in arsenate (V) removal. The individual MMWC and HVA biopolymer systems 
showed a slight increase in arsenate (V) removal, followed by steady removal. The Fe(III) system 
and Fe(III)-MMWC/HVA showed similar removal (%), where the latter was slightly higher and 
more stable.  
The combination of Fe(III) and MMWC showed slightly better uptake when compared to 
Fe(III)-HVA; the difference is less pronounced than previously encountered and was found to be 
around 40%. The maximum is not observed in Fig. 5.3, which might indicate that binding between 
arsenate and Fe(III) is stronger than that of HVA. However, Fe(III)-HVA did show the lowest 
removal of the Fe(III) containing systems, where the addition of MMWC enhanced the arsenate 
removal.   
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Figure 5.3: Arsenate (V) removal (30 ppm) using one-pot studies [15 ppm Fe(III), 2.5 ppm 
MMWC, 10 ppm HVA] 
5.2.2 Kaolinite Suspended Solids with Arsenate(V) at Ambient Temperature 
 By adding kaolinite to the system, uptake by Fe (III) and Fe (III)-MMWC/HVA increased 
appreciably at ca. 10% for the former and ca. 6% for the latter. Fe (III) –MMWC and –HVA both 
remained at similar uptake values, while the uptake of MMWC and HVA remained low when used 
as single component biopolymers.    
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Figure 5.4: Arsenate (V) removal (30 ppm) with 400 ppm kaolinite using one-pot studies [15 ppm 
Fe(III), 2.5 ppm MMWC, 10 ppm HVA] 
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5.3 Kinetic Studies  
Studies on the kinetics of the coagulation-flocculation process were obtained by using the 
one-pot method. The removal (%) was converted to Qt (refer to eq. 2-1) by using the mass of the 
main coagulant/flocculant species. In all multi-component systems, iron (III) was used, where the 
individual component studies proved it to have the most significant removal (%) compared to the 
biopolymers. Qt vs. time (t) was plotted and the kinetics of the systems was analyzed using the two 
kinetic models described in Section 2: PFO and PSO kinetic models. Through an analysis of 
goodness of fit determination by the use of R2 and reduced χ2 values, the better of the two kinetic 
models was chosen and is used to not only comment on the rate of reaction (through rate constant 
comparison), but also, molecular level mechanistic action.  
5.3.1 Roxarsone removal  
 
The kinetic studies conducted using the one-pot method examined the effect of the various 
coagulant/flocculant combinations of the Fe(III)-MMWC/HVA system on the removal of 
roxarsone.  
 The fitted plots provided determination of two important constants, k1/k2 and their 
corresponding Qe values. The latter constant, Qe, was the amount of roxarsone “adsorbed” at longer 
time denoted as pseudo-equilibrium and k1/k2 are the rate constants for the PFO and PSO models, 
respectively. The use of adsorption is due to the mechanism proposed by Baskan et al.,31 which 
suggests adsorption/precipitation of the iron hydroxides as the beginning of the coagulation-
flocculation with iron (III) for arsenate (V) removal. MMWC, with its positively charged 
arrangement at pH 3 – 4, is less likely to precipitate out and more likely to act through charge 
neutralization (refer to Fig. 1.4A). The results in Fig. 5.13 and Table 5.1 show that PFO proved to 
display the better fit criterion in all cases, except that of the HVA biopolymer.            
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Figure 5.5: Roxarsone (30 ppm) removal fitted with PFO kinetic model at pH ~3.5 at ambient 
temperature [15 ppm Fe(III), 2.5 ppm MMWC, 10 ppm HVA] 
The PFO model indicates that the removal of the roxarsone from the solution and into the 
flocs occurs in two stages: (i) an initial rapid uptake stage and (ii) a subsequent slow pre-
equilibrium stage, where uptake is maintained. The PFO model indicates reversible interactions; 
whereas, the PSO model describes irreversible interactions, such as chemisorption. Only HVA 
seems to favor the PSO model in terms of electrostatic attraction, it seems unlikely since the 
coagulation-flocculation of roxarsone occurs between pH 3 to 4, where both HVA and roxarsone 
(pKa values 3.49, 6.38, 9.76)
60 are mostly protonated. However, since the HVA would have a low 
charge density at this point (and it being HVA) means that it is likely to be very coiled,51 which 
may have a strong “trapping” effect due to polymer entanglement and entrapment effects From the 
Qe values in Table 5.1, it is seen that Qe varies with the coagulant/flocculant involving iron (III) 
has the highest value, followed by iron (III)-MMWC and then iron (III)-MMWC/HVA. This 
clearly demonstrates the important role of iron (III) because it enhances the removal of roxarsone 
when used along with HVA, MMWC or both. 
In terms of rate, a comparison of k1 (and k1 and k2 in the case of HVA) was carried out. 
The values of k1 were quite similar for each of the coagulant/flocculant systems and were on 
average six times slower than that of the HVA system with the PFO model but five times slower 
with the PSO model. Since the PSO model was more suitable, it is likely that it takes a longer time 
to entrap the roxarsone molecules.     
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Table 5.1: Kinetic parameters for arsenic removal using various coagulant/flocculant systems as 
described by PFO and PSO kinetic models 
Coagulant/Flocculant Pseudo-First Order Pseudo-Second Order 
Qe  k1  R2 Qe  k2 R2 
(mg.g-1) (min-1) (mg.g-1) (g.mg-1.min-1) 
Roxarsone 
Iron (III) 1029.7 0.234 0.91 1136.4 2.85E-04 0.84 
MMWC 367.8 0.244 0.69 381.7 1.25E-03 0.58 
HVA 108.6 1.735 0.81 109.3 4.96E-02 0.80 
Iron (III)-MMWC 705.6 0.356 0.93 743.7 7.93E-04 0.84 
Iron (III)-HVA 452.1 0.221 0.97 498.2 6.08E-04 0.93 
Iron (III)-MMWC-HVA 639.8 0.278 0.96 672.8 5.44E-04 0.91 
Roxarsone/kaolinite 
Iron (III) 1110.1 0.157 0.91 1258.5 1.52E-04 0.84 
MMWC 495.5 1.000 0.95 513.0 7.90E-03 0.94 
HVA 155.1 0.372 0.66 160.9 4.98E-03 0.69 
Iron (III)-MMWC 935.4 0.169 0.92 1001.9 2.75E-04 0.85 
Iron (III)-HVA 838.3 0.320 0.86 879.9 5.84E-04 0.79 
Iron (III)-MMWC-HVA 433.1 0.164 0.92 464.8 5.46E-04 0.85 
Arsenate (V) 
Iron (III) 855.7 0.138 0.93 927.5 2.20E-04 0.87 
MMWC 379.3 0.266 0.86 393.9 1.42E-03 0.73 
HVA 47.0 0.201 0.45 49.2 7.41E-03 0.33 
Iron (III)-MMWC 829.0 0.181 0.98 883.1 3.63E-04 0.95 
Iron (III)-HVA 819.9 0.198 0.77 870.0 4.05E-04 0.59 
Iron (III)-MMWC-HVA 822.4 0.092 0.86 931.6 1.20E-04 0.79 
Arsenate (V)/kaolinite 
Iron (III) 963.4 0.246 0.94 1017.5 4.46E-04 0.82 
MMWC 648.4 0.083 0.97 763.2 1.25E-04 0.94 
HVA 167.1 0.390 0.62 171.9 4.96E-03 0.67 
Iron (III)-MMWC 885.1 0.198 0.93 930.4 4.01E-04 0.85 
Iron (III)-HVA 819.0 0.222 0.96 868.6 3.63E-04 0.92 
Iron (III)-MMWC-HVA 929.5 0.140 0.99 981.6 2.90E-04 0.95 
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The kinetic study at variable temperature on roxarsone removal was studied using the one-pot 
method via a circulating bath system. Fe(III) and Fe(III)-MMWC/HVA were chosen for the study 
at ambient temperature (20 °C), 30 °C and 40 °C. The value of Qe decreased with an increase in 
temperature when both Fe(III) and Fe(III)-MMWC/HVA were used, as shown in Table 5.2. The 
PFO kinetic model was found to be a better fit for the data, except for Fe(III)-MMWC/HVA at 40 
°C. From a comparison of the k1 values, the rates are similar to each other but the iron (III) at 20 
°C was around four times faster. The addition of MMWC and HVA decreased the uptake across 
all temperatures, which may have been due to limiting the availability of access to the Fe(III). 
HVA has an especially high affinity for Fe(III), as evidenced by the Fe(III)-alginate binding 
constant of 104 M-1.108      
0 20 40 60 80 100 120
0
500
1000
1500
2000  Iron (III)-MMWC-HVA 40
 Iron (III) 20
 Iron (III)-MMWC-HVA 20
 Iron (III) 30
 Iron (III)-MMWC-HVA 30
 Iron (III) 40
Q
t 
(m
g
/g
)
Time (minutes)
 
Figure 5.6: Roxarsone (30 ppm) removal at pH ~3.5 at various temperatures fitted with PFO 
model [15 ppm Fe(III), 2.5 ppm MMWC, 10 ppm HVA] 
5.3.2 Roxarsone removal with kaolinite 
 
The addition of kaolinite to roxarsone caused an overall increase in the Qe (Table 5.1). The 
highest Qe was found for Fe(III) and Fe(III)-MMWC, which was similar to the results of roxarsone 
only removal, with the exception of Fe(III)-MMWC/HVA system, that was found to have a 
decreased roxarsone removal with addition of the colloid. In terms of rate, the PFO model was 
favored by all systems, with the exception of HVA addition without Fe(III).  Similar to roxarsone 
removal, the HVA took up roxarsone at a slower rate (ca. 47 times slower) according to the favored 
PSO model. Kaolinite has many groups that give it a negatively charged surface, which may cause 
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repulsion with the HVA with a more open structure of HVA. This morphology would be less 
capable of entrapping roxarsone species.  
 
Table 5.2: Kinetic parameters at various temperatures for arsenic removal using various 
coagulant/flocculant systems as described by PFO and PSO kinetic models 
Coagulant/Flocculant 
 
Pseudo-First Order Pseudo-Second Order 
T Qe k1 R2 Qe k2 R2 
(K) (mg.g-1) (min-1) 
 
(mg.g-1) (g.mg-1.min-1) 
 
Roxarsone 
Iron (III) 293.15 2061.4 0.228 0.91 2287.3 1.37E-04 0.84 
303.15 963.1 0.047 0.98 1182.2 4.02E-05 0.98 
313.15 921.5 0.044 0.99 1213.7 3.24E-05 0.98 
Iron (III)-MMWC/HVA 293.15 1180.0 0.068 0.97 1389.5 5.87E-05 0.97 
303.15 846.8 0.064 0.98 1054.4 6.09E-05 0.97 
313.15 549.5 0.035 0.98 732.2 3.87E-05 0.98 
Roxarsone/kaolinite 
Iron (III) 293.15 2292.9 0.149 0.89 2689.7 6.24E-05 0.83 
303.15 1074.1 0.068 0.99 1262.9 6.09E-05 0.98 
313.15 884.0 0.071 0.99 1027.1 8.14E-05 0.98 
Iron (III)-MMWC/HVA 293.15 1393.8 0.214 0.93 1495.7 1.94E-04 0.88 
303.15 669.8 0.054 0.98 852.1 5.98E-05 0.96 
313.15 615.5 0.094 0.95 691.5 1.79E-04 0.87 
Arsenate (V) 
Iron (III) 293.15 1686.8 0.184 0.99 1761.0 2.46E-04 0.98 
303.15 930.7 0.140 0.98 1022.4 1.88E-04 0.97 
313.15 858.0 0.169 0.98 930.2 2.60E-04 0.95 
Iron (III)-MMWC/HVA 293.15 1696.8 0.143 1.00 1780.4 1.80E-04 0.97 
303.15 769.5 0.132 0.98 849.9 2.02E-04 0.95 
313.15 815.0 0.134 0.94 900.1 1.98E-04 0.86 
Arsenate (V)/kaolinite 
Iron (III) 293.15 1927.4 0.195 0.96 2047.6 1.60E-04 0.88 
303.15 765.2 0.125 0.99 846.0 1.93E-04 0.97 
313.15 717.6 0.149 0.99 788.9 2.62E-04 0.96 
Iron (III)-MMWC/HVA 293.15 1878.2 0.112 0.92 2043.2 7.89E-05 0.87 
303.15 783.9 0.148 0.99 851.3 2.45E-04 0.96 
313.15 827.7 0.214 0.95 877.7 4.05E-04 0.87 
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Figure 5.7: Roxarsone (30 ppm) removal with kaolinite (400 ppm) at pH ~3.5 at ambient 
temperature fitted with PFO kinetic model [15 ppm Fe(III), 2.5 ppm MMWC, 10 ppm HVA] 
 
 The kaolinite addition to roxarsone shows similar trends as that of roxarsone only, where 
the value of Qe decreased with increasing temperature. At the lowest two temperatures, greater 
uptake was shown by the Fe(III) alone and Fe(III)-MMWC/HVA system showed higher uptake 
only at the lowest temperature with the addition of kaolinite. The PFO model was favored overall 
and had the highest rate at the lowest temperature condition for both Fe(III) and Fe(III)-
MMWC/HVA.  
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Figure 5.8: Roxarsone (30 ppm) removal with kaolinite (400 ppm) at pH ~3.5 at various 
temperatures fitted with PFO model [15 ppm Fe(III), 2.5 ppm MMWC, 10 ppm HVA] 
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5.3.3 Arsenate removal 
 
 While the removal of arsenate (V) was the highest with Fe(III), it was similar to the Qe 
values (Table 5.1) of the other systems that incorporated iron (III). HVA showed the lowest uptake 
followed by MMWC; however, MMWC showed a much better affinity for arsenate (V). The PFO 
kinetic model was proven to provide the best fit to the experimental data. On average, the rate 
constants were similar for arsenate (V) as that of roxarsone removal.   
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Figure 5.9: As(V) (30 ppm) removal at pH 6.5 at ambient temperature fitted with PFO model [15 
ppm Fe(III), 2.5 ppm MMWC, 10 ppm HVA] 
 
 Table 5.2 summarizes the Qe and k1 values for the removal of arsenate (V) at 20 °C, 30 °C 
and 40 °C. The increase in temperature caused a decrease in uptake of arsenate (V) when using 
only Fe(III) as a coagulant. The addition of MMWC and HVA affects the trend as evidenced by a 
lower Qe value at 30 °C rather than 40 °C. The best removal was obtained at the lowest 
temperature, similar to Fe(III) only. The PFO model was fitted to the data and the k1 values ranged 
from 0.13 to 0.18.   
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Figure 5.10: As (V) (30 ppm) removal at pH ~6.5 at various temperatures fitted with PFO model 
[15 ppm Fe(III), 2.5 ppm MMWC, 10 ppm HVA] 
5.3.4 Arsenate removal with kaolinite 
 
 Kaolinite addition showed a similar trend as that of the removal of arsenate (V) without 
kaolinite, where the Fe(III) addition showed the highest removal. The other Fe(III) containing 
systems also performed well. The kaolinite seems to have greatly increased the removal of arsenate 
(V) with MMWC and to a smaller extent with HVA. The kinetic model best suited to data fitting 
was PFO for all systems but HVA. The k1 values ranged from 0.08 - 0.25 min.
-1, and k2 was 
0.00496 g.mg-1.min-1. Kaolinite enhanced uptake of arsenate (V) with all coagulant/flocculant 
systems.  
   
0 20 40 60 80 100 120
-100
0
100
200
300
400
500
600
700
800
900
1000
 Iron (III)-Chitosan-Alginate
 Iron (III)
 Chitosan
 Alginate
 Iron (III)-Chitosan
 Iron (III)-Alginate
Q
t 
(m
g
/g
)
Time (minutes)
 
Figure 5.11: As (V) (30 ppm) removal with kaolinite (400 ppm) at pH ~6.5 at ambient temperature 
fitted with PFO kinetic model [15 ppm Fe(III), 2.5 ppm MMWC, 10 ppm HVA] 
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The effect of temperature on arsenate (V) removal with kaolinite was studied using only 
Fe(III) and Fe(III)-MMWC/HVA. The increase in temperature caused a decrease in uptake using 
Fe(III) alone but with Fe(III)-MMWC/HVA there was no clear trend. The highest uptake was at 
20 °C but the lowest uptake was at 30 °C, rather than 40 °C for the removal of arsenate (V) with 
kaolinite. The PFO kinetic model was found to provide the best fit to the data, where all k1 values 
fell between 0.11 – 0.22 min.-1. Overall the addition of kaolinite caused an increase in arsenate (V) 
uptake but not with iron (III) only at 30 °C and 40 °C. 
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Figure 5.12: As(V) removal (30 ppm) with kaolinite (400 ppm) at various temperatures at pH ~6.5 
fitted with PFO model [15 ppm Fe(III), 2.5 ppm MMWC, 10 ppm HVA] 
5.4 Thermodynamic Studies 
The Eyring equation (eq. 2-5) was used to calculate the thermodynamic parameters of the 
coagulation-flocculation process as listed in Table 5.3, along with the Gibbs activation energy (eq. 
5-1) and Arrhenius equations (eq. 5-2), which were used for determination of ΔG‡ and Ea, 
respectively.  
𝛥𝐺‡ =  𝛥𝐻‡ − 𝑇𝛥𝑆‡       (5-1) 
𝑙𝑛𝑘𝑖 =  
−𝐸𝑎
𝑅
(
1
𝑇
) + 𝑙𝑛𝐴      (5-2) 
The removal of organic arsenic versus inorganic arsenic, with and without kaolinite, show 
varied negative “apparent” Ea values, with the exception of arsenate (V) removal with kaolinite 
using the Fe(III)-MMWC/HVA system. The term “apparent” applies to the Ea when the process 
cannot be accounted for with the simple transition state theory. Processes that involve composite 
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kinetic steps, such as reactions involving hydration steps, tend to show apparent Ea values, which 
can be negative.111 An increase of the temperature of the system causes a decrease in arsenic 
removal. This negative value indicates that the coagulation-flocculation process occurs in a series 
of steps and through stable intermediates. This is a reasonable suggestion as the formation of iron 
hydroxides are proposed to occur before and during “adsorption” of the arsenic, implying that the 
formation of iron hydroxide-As complexes may induce formation of more species, in a cooperative 
binding process. The mostly negative ΔH‡ indicates an exothermic binding taking place during the 
process. A negative ΔS‡ implies that as the process is taking place, the organization of the system 
is increasing, likely due to the Fe (III) binding to the arsenic, and in certain cases, the MMWC and 
HVA as well. It should be noted that the entropy is slightly higher when the biopolymers are 
present, which may be an indication of their lesser role in binding arsenic. The processes for arsenic 
removal, based on ΔG‡, implies a non-spontaneous process, with perhaps the energy being added 
to the system via the stirring process.  
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Figure 5.13: Eyring plots for arsenic uptake at variable temperatures based on PFO kinetic models: 
(A) Roxarsone removal, (B) Roxarsone removal with kaolinite, (C) Arsenate (V) removal and (D) 
Arsenate (V) removal with kaolinite, (●) represents iron (III) only and (●) represents Fe (III)-
MMWC/HVA 
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Table 5.3: Thermodynamic parameters for arsenic removal using coagulation-flocculation based 
on rate constants obtained using the PFO kinetic model at various temperature 
Coagulant/Flocculant  ΔH‡ ΔS‡ T ΔG‡ Ea 
(kJ.mol-1) (J.K-1.mol-1) (K) (kJ.mol-1) (kJ.mol-1) 
Roxarsone  
Iron (III) -65.71 -483.2 293.15 75.93 -63.20 
303.15 80.77 
313.15 85.60 
Iron (III)-MMWC/HVA -27.47 -360.1 293.15 114.18 -24.95 
303.15 119.01 
313.15 123.84 
Roxarsone/kaolinite 
Iron (III) -34.64 -378.3 293.15 76.26 -28.54 
303.15 80.04 
313.15 83.83 
Iron (III)-MMWC/HVA -31.06 -367.6 293.15 79.26 -32.12 
303.15 83.83 
313.15 87.41 
Arsenate (V) 
Iron (III) -6.03 -280.0 293.15 76.06 -3.52 
303.15 78.86 
313.15 81.66 
Iron (III)-MMWC/HVA -4.98 -278.1 293.15 77.11 -2.46 
303.15 79.91 
313.15 82.71 
Arsenate (V)/kaolinite 
Iron (III) -12.87 -303.1 293.15 75.99 -10.35 
303.15 79.02 
313.15 82.05 
Iron (III)-MMWC/HVA 21.97 -188.1 293.15 110.83 24.49 
303.15 113.86 
313.15 116.89 
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6. Chapter 6 CONCLUSIONS AND FUTURE WORK  
6.1 Conclusions  
The investigation of the removal of organic (roxarsone) and inorganic (arsenate; As(V)) 
arsenic species encompassed several questions to be addressed through this thesis research:  
• Do the parameters of dosage, metal salt type, pH, MW and viscosity affect the removal 
of colloidal materials using a metal salt-chitosan/alginate system? 
Overall, the various parameters studied were shown to affect the removal of colloidal kaolinite 
suspended solids but to differing extents. In coagulation-flocculation studies the dosage of the 
coagulants and flocculants are crucial to the optimizing the process. The coagulants (traditional 
metal salts) had an optimal dosage at 30 ppm (alum) and 15 ppm (Fe(II) and Fe(III)), while the 
flocculants had an optimal dosage of 2.5 – 5 ppm (chitosan) and 7.5 – 10 ppm (alginate), and were 
found to depend on the MW and viscosity of the two biopolymers.  
The MW of chitosan was varied to determine the effects of longer chains/higher charge density 
(MMWC) and shorter chains/lower charge density (LMWC). The charge density (and ionic 
strength) affects the conformation of the polymer by rendering it as a coiled or extended structure.51 
The higher the charge density of the biopolymer, the more open the structure due to minimization 
of charge repulsion along the polymer backbone. Overall, the MMWC compensated for a lack of 
positive charge from the metal salts, especially Fe(II). The LMWC was favored when there was 
enough positive charge from the metal ions where an excess of positive charge leads to re-
stabilization of the colloidal suspension.  
The viscosity of alginate was also studied and it functions similarly to the role of MW in 
chitosan. The greater viscosity with increasing MW occurs due to increased chain entanglement 
and dispersion forces. The charge on the alginate at greater pH values above its pKa of ca. pH 3 to 
4 was negative, which was the opposite of the chitosan and metal salt. The general result was a 
higher dosage (7.5 to 10 ppm) of alginate being favored over the lower dosages (2.5 to 5 ppm). 
This would be primarily due to its function as the bridge between microflocs. The higher dosage 
would be better for bridging and entrapping the flocs. A 10 ppm dosage was favored for lower 
positive charges from the coagulant and chitosan.  
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The pH of the kaolinite was adjusted from its value of ~8.5 to 3, 5, 7 and 9 and the coagulation-
flocculation was investigated. In this instance, the pH does not greatly affect the removal of 
kaolinite. This was attributed to the slight buffering capacity of the kaolinite, and came from its 
cation exchange capacity. The cations in the kaolinite, such as Na+, exchange with the H+ ions and 
maintain the pH constant. Since the pH remains at ~3 for all of the Jar tests, the initial pH of the 
kaolinite does not greatly affect the process. 
The order of polymer addition was assessed since two biopolymers were used and this might 
give insight into their mechanism of action. The combination with Fe(III), highlighted the 
importance of alginate and chitosan being added separately rather than pre-mixed to form a PEC. 
It is likely that the polymers formed a PEC through electrostatic forces and this entangled structure 
left them mostly unavailable for bridging, resulting in reduced turbidity, according to the measured 
transmittance (%T) of the solution.     
Finally, both the stirring time and speed of the Jar test apparatus was adjusted to evaluate the 
effect on coagulation-flocculation. The stirring time was important because it allowed the 
suspension to mix with the coagulants and flocculants. The mixing times were found to be adequate 
for kaolinite removal, with 3 minutes of fast mixing and 20 minutes of slow mixing. The fast 
mixing (295 rpm) was sufficient to incorporate the coagulant (metal salts) with the kaolinite 
suspension, and the slow mixing (25 rpm) allowed for proper floc formation. The use of a lower 
mixing speed (25 rpm) was shown to have better results over the 50 rpm mixing. The higher mixing 
speed may have caused mechanical damage and dispersed the self-assembled flocs. 
• How does the addition of colloidal materials affect the removal of roxarsone using the 
metal salt-chitosan/alginate system? 
The study of roxarsone removal was carried out with and without kaolinite at conditions of 
ambient pH and pH 7. These conditions better helped to mimic natural water source conditions 
and further investigated the role of pH in arsenic removal. Since many water systems possess 
neutral pH, a pH value of 7 was chosen for this reason and to match the ambient pH of the arsenate 
(V) system ca. pH 7. This aids in the comparison of the removal of both organic and inorganic 
forms of arsenic.   
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Without kaolinite, the roxarsone removal ranged from 20 – 40% at ambient pH (~3). Fe(III) 
by itself removed the most roxarsone, while addition of HVA and MMWC hindered the removal. 
When HVA was added solely to the Fe (III), there was less reduction in removal of roxarsone. The 
roxarsone concentration was varied at initial values of 30, 40 and 50 ppm with a corresponding 
drop in the level of removal (%). The presence of the biopolymers hindered uptake on the Fe(III), 
possibly due to competitive affinity for Fe(III), or the self-assembly of MMWC with HVA.  
Addition of kaolinite influences the roxarsone removal in the Jar test. At 30 ppm roxarsone 
removal decreased upon addition of kaolinite. It was less pronounced in the case of higher 
roxarsone concentration. At 30 ppm roxarsone with kaolinite, Fe(III) alone, Fe(III)-HVA and 
Fe(III)-MMWC/HVA showed a drop of ca. 5%, 20% and 35%, respectively. But at 40 ppm and 
50 ppm roxarsone, the levels were similar in the presence and absence of kaolinite, except for 
when Fe(III) alone was used at 40 ppm roxarsone (10% drop recorded with kaolinite addition).    
The change in pH from ca. 3 to 7 caused a drastic decrease in the uptake of roxarsone, and 
likely due to the change in speciation of Fe(III). An interesting observation showed that the 
addition of kaolinite at pH 7 slightly enhanced the roxarsone uptake.     
• How does the addition of colloidal materials affect the removal of arsenate using the 
metal salt-chitosan/alginate system? 
There was a reversal in removal capacity when considering the arsenate anion species, where 
the Fe(III)-MMWC/HVA has the highest removal (%) and sole addition of Fe(III) and Fe(III)-
HVA having a 10% lower removal at ca. 30%. The overall range of removal was 30 – 40% arsenate 
(V). Addition of kaolinite affected the removal of arsenate in a positive manner. The presence of 
kaolinite appears to enhance the removal using Fe(III) and Fe(III)-HVA to 40%, which is similar 
to the uptake using the Fe(III)-MMWC/HVA system. The removal studies were carried out at 
ambient pH, which in the case of arsenate (V) was ca. pH 7.  
The pH for arsenate (V) was then adjusted to pH 3, similar to that of roxarsone. The pH drop 
had a negative effect on arsenate (V) removal overall. The range was ~2 – 4%, with Fe(III) having 
the highest value but also the greatest error. The kaolinite addition enhanced uptake at pH 3 from 
ca. 2% to 20%. The increase was proportional, where the presence or absence of kaolinite revealed 
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that Fe(III) had the highest uptake. By contrast, Fe(III)-MMWC/HVA had lowest uptake in the 
presence or absence of kaolinite.  
The kaolinite at acidic pH provides surface sites for iron (III) particles to nucleate. The 
presence of kaolinite may have increased the pH which aids the precipitation of iron hydroxides. 
• Which of the components are responsible for roxarsone removal and how do they 
affect the kinetics of the reaction? 
The kinetics of the coagulation-flocculation of roxarsone with the Fe(III)-MMWC/HVA 
system was explored. This study was done using the unique “one-pot” method at variable 
temperature (20, 30 and 40 °C). The one-pot method uses a filter paper barrier to separate the 
roxarsone to be sampled from the mixed system containing the coagulants and flocculants. The 
barrier provided a way to attenuate the fast process and monitor the progress of the reaction in situ. 
This method is a very unique approach to the study of coagulation-flocculation since most studies 
focus on the kinetics for coagulation-flocculation progress by studying the final turbidity rather 
than the actual kinetic process.  
The kinetics of coagulation-flocculation process show relatively fast uptake of the roxarsone 
that is typical for this type of process. The one-pot method was used to study combinations of 
coagulant-flocculant systems. The separation of these systems helped to elucidate the importance 
of the Fe(III), MMWC, HVA and their component combinations. 
The sole addition of Fe(III) performed the best for roxarsone relative to the biopolymers which 
caused a decrease in the level of removal. The reduction in performance due to the biopolymers 
relates to the binding onto available surface sites with Fe(III) hydroxides. Charge neutralization 
plays a likely role, especially in the case of chitosan. However, chitosan was more likely to involve 
charge neutralization since there is a very small amount (2.5 ppm MMWC) of it and the pH is 
acidic (favoring dissolution of chitosan). Precipitation of chitosan is likely to be very minimal at 
these conditions. HVA functions likely by entrapping the roxarsone particles within its coils. The 
high viscosity of the alginate contributes and the protonated nature of the alginate in acidic solution 
since fewer negatively charged carboxyl groups exist. The charged groups increase repulsion 
among the alginate coils and spread them out into an extended configuration.   
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• Which of the components are responsible for arsenate removal and how do they affect 
the kinetics of the reaction? 
The removal of arsenate (V) using Fe(III) has been studied through the process of adsorption 
and fewer studies are available on coagulation-flocculation processes. As mentioned previously, 
studies by Baskan et al.30 have proposed a similar sort of adsorption mechanism that occurs when 
using Fe(III) to remove arsenate (V) even through coagulation-flocculation. These studies relate 
to the removal of arsenate (V) with Fe(III), MMWC and HVA show that the positively charged 
Fe(III) and MMWC are better suited to arsenate (V) removal. The Qe values of arsenate (V) 
removal are very similar to that of roxarsone, which indicate that the aromatic group attached does 
not greatly affect removal efficiency. The addition of kaolinite resulted in similar behaviour when 
introduced to roxarsone and arsenate (V) by enhancing removal of the two species. The Fe(III) 
and the HVA alone provided better removal of roxarsone, and removal of arsenate (V) was lower. 
Overall, the Qe and k1 values are very similar across the various contaminant species, both with 
and without kaolinite.  
6.2 New Insight on Arsenic Removal using Coagulation-Flocculation  
Studies in the literature report on the role of Fe(III) for the removal of arsenic species in 
water and wastewater. Baskan et al.29–31 provided a mechanism of action for the removal of 
arsenate (V) using coagulation-flocculation using Fe(III). This work examined the addition of 
biopolymers (chitosan and alginate) on the role of enhanced uptake of arsenic and a reduction of 
the amounts of coagulants/flocculants required for dosing. The further addition of kaolinite served 
to mimic natural waters with colloidal species present, which is often the case in lakes, ponds and 
other water bodies where arsenic may be generally present.  
 Investigations into arsenic removal showed that there is little difference between the 
removal of roxarsone and arsenate (V) using the Fe(III)-MMWC/HVA system for coagulation-
flocculation. The main difference between roxarsone and arsenate (V) is the aromatic ring that 
contains hydroxyl and nitro groups attached to the arsenate (V) group, in place of one of the 
hydroxyl groups. It can be inferred that the -AsO3H2 group binds to the Fe(III) rather than the 
aromatic group of the roxarsone. The addition of kaolinite was shown to enhance arsenic uptake 
for roxarsone and arsenate (V). This is more apparent in studies related to the one-pot method. The 
addition of the biopolymers seems better suited to colloid removal rather than arsenic because 
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Fe(III) does an excellent job on its own through charge neutralization and some amount of 
adsorption onto iron hydr(oxides). However, since many natural systems contain arsenic and 
colloidal materials, the Fe(III)-MMWC/MMWC will be beneficial for removal of suspended 
solids.  
6.3 Future Work  
Some aspects of this research could benefit from extending further studies of the type 
presented herein. One limitation of the Fe(III)-MMWC/HVA system is the level of removal ca. 
40%. Comparison with other systems for arsenic removal show much higher removal efficiencies. 
However, the quantities of coagulant/flocculant species used for removal were very low and the 
amount of arsenic was higher (~30 ppm) in this research, as compared with other studies or those 
found in typical aquatic environments. The WHO sets the acceptable limit for arsenic in drinking 
water at below 10 ppb and natural waters studied usually have arsenic levels below the ppm level. 
For example, rivers and lakes can range from 10 µg/L to 5 mg/L due to anthropogenic 
contamination.7 Factors, such as dosage of Fe(III) and the biopolymers may be adjusted and further 
removal studies can be conducted over variable arsenic concentration. 
The flocs formed during the coagulation-flocculation process, especially with kaolinite 
present, are usually quite large and a potential source for further insight into the nature of the flocs 
through spectroscopic characterization. The nature of the floc refers to the components that 
contribute to their formation and the types of binding that occur. This will lead to an improved 
understanding of the mechanism of the floc formation process. It has been posited that the 
biopolymer(s) self-assembles onto the solid iron (III) hydroxides where spectroscopic methods 
such as Scanning Electron Microscopy (SEM) and Dynamic Light Scattering (DLS) may reveal 
the mode of binding. Infrared (IR) spectroscopy and X-ray absorption spectroscopy (XAS) may 
also be used for further elucidation of binding within the flocs.  
Studies on the type of complexation between Fe(III) and arsenate (V) have been done.112,113 
The general consensus is an inner-sphere complex between Fe(III) and arsenate (V). This was 
determined by electrophoretic mobility (EM), Fourier Transform Infrared (FTIR) and Raman  
spectroscopy, sorption studies and the use of surface complexation models, such as the constant 
capacitance model.112 These methods can be applied to the Fe(III)-MMWC/HVA system for a 
more detailed study into the molecular structure of the flocs formed. Controlled formation of larger 
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sized flocs may be achieved by increasing the Fe(III) concentration and ageing of the Fe(III) 
chloride solution at variable timescale.      
The investigation reported herein was conducted using model arsenic and kaolinite system 
in Millipore water. This was done to minimize the contribution of ionic species, which was proven 
to influence the uptake of contaminants, structure of biopolymers, etc. The utility of this work was 
not meant to be limited to model systems. Further studies using real environmental samples from 
natural water sources, such as industrial tailing ponds, are essential to affirming the proof-of-
concept of the coagulation-flocculation treatment process. These studies would also help to 
elucidate the role of competitive ions in the removal of arsenic, whether they are a help or 
hindrance.        
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